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ABSTRACT 
Multi-electron multi-proton reactions form the basis of nearly every chemical 
reaction involved in energy storage and manipulation. Despite their importance, 
the basic properties of these chemical transformations, such as the details of 
how electron transfer and proton-coupled redox events that must occur during 
these reactions are controlled, remain poorly understood. The sulfite and nitrite 
reductase family of enzymes are responsible for carrying out the six-electron 
reduction of sulfite to sulfide and nitrite to ammonia, respectively. These enzymes 
play fundamental roles in microbial metabolism and are either dissimilatory or 
assimilatory in nature. Multi-electron multi-proton reactions are investigated by 
the study of the catalytic mechanisms of two enzymes that are structurally 
different, but carry out similarly complex chemistry: the dimeric multi heme 
cytochrome c nitrite reductase from Shewanella oneidensis and the monomeric 
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siroheme and [4Fe-4S] cluster containing sulfite reductase from Mycobacterium 
tuberculosis. Employing protein electrochemistry the properties of electron 
transfer steps and proton-coupled redox steps that occur throughout the catalytic 
cycle of cytochrome c nitrite reductase during its reduction of substrate revealed 
the strategies employed by this enzyme. The results presented indicate the 
reduction of substrate by the enzyme occurs in a series of one electron steps 
rather than coupled two-electron transfers. Mutational analysis of active site 
amino acids reveals their role in governing proton coupled redox events, which 
likely involves a hydrogen bonding network consisting of these residues and 
water molecules. Additionally, steady state kinetics assays coupled to site-
directed mutagenesis of M. tuberculosis sulfite reductase identify a tyrosine 
residue adjacent to the active site which partially controls substrate preference, 
by influencing the electronic environment of the active site siroheme cofactor. 
Stopped-flow absorbance spectroscopy and rapid freeze quench electron 
paramagnetic resonance studies provide a first glimpse of a potential reaction 
intermediate during reduction of sulfite by sulfite reductase. Overall, our 
fundamental understanding of how sulfite and nitrite reductase enzymes catalyze 
complex multi-electron multi-proton reactions is advanced, and insight into the 
different approaches Nature employs to govern such powerful chemistry is 
revealed.  
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CHAPTER 1 
Sulfite and Nitrite Reductase Enzymes as Models for Understanding 
Complex Multi-Electron Reactions 
 1
1.1. Multi-electron chemistry in energy manipulation and storage – A major 
scientific challenge for the next decade is the development of catalysts that can 
improve current technologies involved in the manipulation and storage of 
energy (Bell et al. 2008). In order to accomplish this goal, research will need to 
focus on the fundamental chemical transformations that form the basis of these 
types of reactions. A large focus has been placed on reactions involving the 
conversion of carbon dioxide to liquid fuels (Benson et al. 2009, Roy et al. 2010), 
water oxidation reactions that could be coupled to CO2 conversion into organic 
molecules (Barber 2009, Dau and Zaharieva 2009), as well as generation of 
hydrogen for use in hydrogen fuel cells (Barton et al. 2010, Armstrong and Hirst 
2011). The currently technology available for large scale applications of these 
important chemical reactions requires rare metals such as platinum and 
palladium, as well as a large energy input due to the requirement of high 
overpotentials (Bell et al. 2008, Armstrong and Hirst 2011). Therefore, a major 
scientific goal should be to develop catalysts that employ metals that are readily 
available and inexpensive, such as first row transition metals, and minimize the 
energy required to catalyze their reactions. 
Chemical transformations that involve multiple electron transfer and proton 
transfer steps are at the heart of many of the chemical reactions involved in 
energy storage and manipulation (Gagliardi et al. 2010). Examples of key 
reaction involved in energy storage and manipulation include formation of 
hydrogen for use in a hydrogen fuel cell (Eq 1.1), the reduction of oxygen in fuel 
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cells (Eq 1.2), as well as the generation of ammonia for use as a fertilizer (Eq 
1.3):   
Aside from being multi-electron in nature, these reactions also involved 
multiple proton transfers, some of which are likely coupled to the electron transfer 
steps. The proton coupled redox events are likely a key contributor to the rapid 
and efficient progression of these reactions by allowing the reactions to proceed 
within a narrow range of potential and also preventing the formation of high 
energy intermediates.  
Development of next generation catalysts that can be used for multi-electron 
chemistry will require a more extensive understanding of how these complex 
reactions can be efficiently performed. Improving the chemistry will require a 
focus on two target areas: (i) the details of the sequence and timing by which 
electrons are transferred during catalysis; and (ii) how the protons required for 
catalysis are delivered to the active site and utilized during turnover. These key 
requirements are the motivation for the work contained herein.  
1.2. Sulfite and Nitrite Reductase: different solutions to similar problems – 
The sulfite and nitrite reductases are a versatile family of enzymes that can 
perform the six-electron reductions of sulfite and nitrite, but can also perform the 
five-electron reduction of nitric oxide and the two-electron reduction of 
 3
2H+ + 2e  ⌦ H2(1.1)
O2 + 4H
+ + 4e  ⌦ 2H2O(1.2)
N2 + 6H
+ + 6e  ⌦ 2NH3(1.3)
hydroxylamine. Two examples of enzymes from this family are the cytochrome c 
nitrite reductase from Shewanella oneidensis (ccNiR) and the sulfite reductase 
from Mycobacterium tuberculosis (mtSirA) (Figure 1.1).  
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Heme c [4Fe-4S] Siroheme
ccNiR MtSirA 
SO32-/NO2- S2-/NH4+ 
6e-
2e-
1e-
A
B
Figure 1.1. Shewanella oneidensis cytochrome c nitrite reductase (ccNiR) and 
Mycobacterium tuberculosis sulfite reductase (mtSiR) accomplish their multi-electron 
reductions of their substrate through different multimeric states and cofactors as well 
as differences in the apparent stoichiometries of their respective reaction. (A) The 
dimeric ccNiR employs c-type hemes while the monomeric mtSirA utilizes electronically 
coupled siroheme and [4Fe-4S] cluster cofactors.Heme c and the siroheme and 
[4Fe-4S] cluster rendered in PyMol from 3UBR and 1ZJ8, respectively. (B) The ccNiR 
enzymes likely carries out its six-electron reaction in a series of one-electron events 
(blue dotted lines) while the mtSiRA presumably accomplishes its reduction in a series 
of two electron steps (green solid lines).
While both enzymes are able to carry out a variety of complex multi-electron 
reductions of the same substrates, albeit with preference for their namesake, 
these two enzymes exhibit differences in their type and arrangement of cofactors 
(Figure 1.1A), their oligomeric states, their presumed reaction stoichiometry 
(Figure 1.1B), as well as their physiological electron donor. 
Cytochrome c nitrite reductase is a periplasmic enzyme involved in 
respiratory denitrification. The ccNiR enzyme is a homodimer and utilizes five c-
type hemes per protomer. Four of these hemes are bis-His ligated and 
presumably involved in shuttling electrons to the active site, while a fifth heme 
contains an open coordination site and is the site of substrate binding and 
reduction. With each heme c capable of accommodating a single electron, each 
protomer can store five electrons simultaneously. The presumed electron donor 
in vivo is the multi-heme cytochrome CymA, in the case of Shewanella 
oneidensis (Gao et al. 2009), but is undescribed in many/most of the ccNiR 
orthologs described below.  
In contrast, sulfite reductase is a cytoplasmic enzyme involved in the sulfur 
assimilation pathway. The MtSirA enzyme is monomeric and employs a siroheme 
cofactor and [4Fe-4S] cluster, which are electronically coupled via a linking 
cysteine thiolate. Substrate binds at the distal heme pocket of the siroheme 
cofactor. Both the siroheme cofactors and [4Fe-4S] cluster are capable housing a 
single electron, allowing mtSirA the ability to house just two electrons per 
monomer.  
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This difference in multimeric state, cofactor type, and arrangement presents a 
unique opportunity to study two different approaches to the same overall 
chemistry. These similarities in reactivity, but differences in structure lead to an 
important set of questions:  
(i) Do the structural differences represent mechanistic differences between 
how these enzymes carry out their multi-electron multi-proton reactions? 
(ii) Are there common elements in the strategies utilized by these enzymes 
that allow control their multi-electron chemistry?   
In the following sections, these two questions will be further elucidated by 
presenting the potential for diversity across the ccNiR and mtSirA families. 
1.3. Diversity of siroheme sulfite and nitrite reductases and the Nitrite/Sulfite 
Reductase Ferredoxin-Like Half Domain  – With respect to SiRs, while the MtSirA 
and EcSiR enzymes exhibit only 23% sequence identity (Schnell et al. 2005), 
they are structurally similar and both contain a conserved domain called the 
Nitrite/Sulfite Reductase Ferredoxin-Like Half Domain (NIR_SIR_ferr, 
pfam03460) (Marchler-Bauer et al. 2013); this domain makes up a portion of the 
Sulfite or Nitrite Reductase Repeat (SNiRR) domain originally identified by Crane 
and colleagues (Crane et al. 1995). Both MtSirA and EcSiR contain two copies of 
this repeat, which together form a single structural domain (Figure 1.2A). While 
both domains are structurally similar, only one domain repeat contains active site 
residues and residues that interact with the siroheme cofactor (Figure 1.2B).  
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As of December 2014, a BLAST search within the RefSeq database for the 
NIR_SIR_ferr domain yields >15000 hits in bacteria alone. The sheer number of 
proteins that contain this domain (in various contexts) suggests significant 
diversity within the siroheme sulfite and nitrite reductases as well as unannotated 
enzymes related to this family that may be capable of carrying out other classes 
of reactivity. Amino-acid sequence similarity network analysis (Bak 2013) of the 
Nitrite/Sulfite Reductase Ferredoxin-Like Half Domain illustrates the diversity 
among members of this family (Figure 1.3). Using an E-value cutoff of 10e-50, the 
network consists of approximately 12 clusters (Figure 1.3A).  
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Figure 1.2. Structure of MtSirA highlighting the Nitrite/Sulfite Reductase Ferredoxin-
Like Half Domain. (A) Structure of mtSirA showing the N-terminal (cyan) and C-
terminal (magenta) NIR_SIR_ferr half domains. (B) Active site and siroheme-
interacting residues which are part of the NIR_SIR_ferr half domain. Image rendered in 
PyMol, PDB: 1ZJ8.
As expected, the ferredoxin-dependent MtSirA and the NADPH-dependent 
EcSiR occupy distinct clusters: A2 and A3, respectively. As discussed above, 
these enzymes are distinct in that the ferredoxin-dependent enzymes are 
typically monomeric while the NADPH-dependent are oligomers. In this analysis, 
Cluster A3 only represents the siroheme-containing hemoprotein subunit of 
EcSiR (Crane et al. 1995). Cluster A2 consists of two lobes, and upon raising the 
E-value cutoff to 10e-60 breaks up into two distinct clusters (Figure 1.3B; Clusters 
B1 and B2). Cluster B2 contains the MtSirA enzyme as well as a number of other 
proteins annotated as either sulfite or nitrite reductases from Mycobacterium, 
Streptomyces, Bacillus, as well as a number of other genera. The fact that 
Cluster B2 contains proteins annotated as sulfite and nitrite reductases suggests 
that the differences between the two enzyme types are either so small they are 
still clustered together at this E-value cutoff, there is mis-annotation among the 
enzymes, or a combination of both. Since MtSirA was initially annotated as a NirA 
(Schnell et al. 2005) it is likely that there is at least some mis-annotation here.  
Cluster B1 contains proteins annotated as sulfite and nitrite reductases, but 
includes proteins labeled as being NADPH-dependent and others labeled as 
being ferredoxin dependent, although many do not specify which. This cluster 
contains genera such as Pseudomonas, Burkholderia, Acinetobacter. Analysis of 
a sulfite reductase in Cluster B1 from Pseudomonas aeruginosa PA7 (gi: 
152986756) indicates that both the protein and the gene (Gene ID: 5353870) are 
annotated as CysI (NADPH-dependent SiR), although the gene corresponding to 
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this protein is not flanked by other members of the cys operon, as in Escherichia 
coli. Indeed the Pseudomonas aeruginosa sulfite reductase has been noted as 
being monocistronic, and it has been suggested that it therefore may not contain 
a flavoprotein subunit and may be more related to the ferredoxin-dependent SiRs 
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Figure 1.3. Amino acid sequence similarity network showing 1007 of ~15000 bacterial 
sequences that contain the Nir_Sir_Ferr domain with E-value cutoffs of 10e-50 (A) and 
10e-60 (B). Proteins that are reasonably well-studied are highlighted. PbCobG, 
Pseudomonas denitrificans CobG; BmCobG, Brucella melitensis CobG; MtSirA, 
Mycobacterium tuberculosis SirA; EcSiR, Escherichia coli sulfite reductase 
hemoprotein; SeAsrC, Salmonella enterica AsrC; DvDsrA, Desulfovibrio vulgaris DsrA; 
DvDsrB, Desulfovibrio vulgaris DsrB. Figure generated using Cytoscape. Network 
generated using CytoBlast and CytoExplorer. Bacterial sequences (gi numbers) pulled 
from NCBI using RefSeq database on December 17, 2014 using “nir_sir_ferr” as the 
search term. Data set used for figure was 1000 randomly selected sequences plus 
those listed above. Tables listing sequences in each Cluster in Appendix 1.
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(Hummerjohann et al. 1998, Neumann et al. 2000). The results of the analysis in 
Figure 1.3 support this hypothesis, and suggest the possibility that all members 
of Cluster B1 represent a class of sulfite reductases, distinct from those in 
Cluster B2, but are not NADPH-dependent.  
Cluster A4 (and B4) contains the assimilatory nitrite reductases NirBD (Malm 
et al. 2009). The NirBD complex is involved in reduction of nitrite to ammonia 
during nitrate assimilation (Malm et al. 2009, Izumi et al. 2012). NirB and NirD, 
the large subunit and small subunit respectively, are distinct in their roles. In 
Paracoccus denitrificans, NasB (NirB) is the site of nitrite reduction, while NasG 
(NirD) contains a Rieske-type cluster proposed to be involved in electron transfer 
(Gates et al. 2011). In M. tuberculosis NirD does not contain the Rieske-type 
cluster motif (Izumi et al. 2012). Proteins annotated as being NirB and NirD are 
clustered together in Cluster A4 and B4 (Izumi et al. 2012). This is likely the 
result of mis-annotation, since, for example, an E. coli protein from Cluster A4/B4 
labeled “nitrite reductase subunit NirD” (gi: 445971361) is 847 amino acids in 
length while the NirD for both E. coli (Harborne et al. 1992) and M. tuberculosis 
(Izumi et al. 2012) are both c.a. 110 amino acids. E. coli NirB is approximately 90 
kD and 840 amino acids in length (Harborne et al. 1992). Most of the proteins 
included within the cluster are c.a. 800 amino acids, indicating that they are all 
likely NirB proteins rather than NirDs. Interestingly, some proteins in Cluster A4/
B4, such as those from Klebsiella pneumoniae (NasB) (Lin et al. 1993) and 
Enterobacter cloacae are c.a. 930 amino acids in length and contain an 
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additional C-terminal “Rieske_NirD” region (cd03529), demonstrating that some 
NirB proteins are fused with NirD to create a single NirBD polypeptide.  
Cluster A4/B4 is connected to Cluster A2/B2 (ferredoxin SiRs and NiRs) 
through a very small set of just three proteins. The subset is small enough that 
they sometimes do not show up in the list of 1000 random sequences generated 
from the master list (~15,000), resulting in no connection at between Clusters A4/
B4 and A2/B2 at these E-value cutoffs. Nevertheless, these connecting 
sequences at 10e-50, which are from Hydrogenobacter thermophilus (gi: 
288818427), Hydrogenivirga sp. (gi: 695293965), and Thermocrinis albus (gi: 
289549096); are annotated as containing the NirB multidomain in NCBI 
(COG1251), and in the case of H. thermophilus the gene is annotated as NirB. 
Interestingly, the domain architecture is different from Cluster A4/B4: in the case 
of Cluster A4/B4 the NirB proteins contain a single NIR_SIR_Ferr domain, where 
in the case of these intermediate proteins, the sequences contain two 
NIR_SIR_Ferr domains, as is the case in the EcSiR and MtSirA proteins. This 
suggests that these potential NirB proteins are a hybrid ferredoxin NirA and NirB 
protein.  
Clusters A1/B5 contain Precorrin-3B synthases (CobG), which are involved in 
cobalamin (Vitamin B12) synthesis which are classified as mononuclear non-
heme iron monooxygenase (Debussche et al. 1993, Schroeder et al. 2009). 
Additionally these enzymes have also been identified as containing an iron sulfur 
cluster (Debussche et al. 1993). The enzyme converts precorrin-3A into 
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precorrin-3B (Scheme 1.1), and it is likely that its ability to bind the precorrin-3A 
is related to its sequence similarity with the NiRs and SiRs (Graham et al. 2009). 
These proteins are most closely related to the ferredoxin NiRs and SiRs based 
on their clustering (Figure 1.3B).  
Cluster A9/B10 contain proteins also annotated as being CobG, precorrin-3B 
synthase. Analysis of the domain architecture indicates that Cluster A9/B10 
proteins contain a single NIR_SIR_ferr domain, and no NIR_SIR domain, while 
cluster A1/B5 proteins contain two NIR_SIR_ferr  domains and one NIR_SIR 
domain. It can be hypothesized that if the tandem NIR_SIR_ferr domains in other 
clusters are the result of a duplication event, then the single domain proteins may 
be more ancient versions of these proteins. Interestingly, Cluster A5/B8 proteins 
are also annotated as being CobG, and these proteins contain two NIR_SIR_ferr 
domains but no NIR_SIR domain. Additionally Clusters B10 and B13 also 
represent proteins annotated as being precorrin-3B synthases. All together, this 
analysis suggests the CobG proteins are themselves a diverse class of proteins 
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Scheme 1.1. Structures of two precorrins and siroheme.
that are closely related to the SiRs and NiRs and may provide insight into the 
evolution of the NIR_SIR_ferr domain and NiRs and SiRs in general.  
Clusters A6 and A7 primarily contain anaerobic dissimilatory sulfite reductase 
(AsrC) (Johnson and Mukhopadhyay 2005). The AsrABC complex from 
Salmonella enterica is a well studied member of the Asr proteins. AsrA and AsrC 
are likely Fe-S cluster binding proteins where AsrC also likely binds a siroheme 
cofactor (Loy et al. 2008). Clusters A6 and A7 appear to differ in the presence or 
absence of an insert in the NIR_SIR domain (pfam01077), a domain which is 
also conserved in siroheme NiRs and SiRs (Marchler-Bauer et al. 2013). Cluster 
A7 proteins, which include AsrC from S. enterica, includes an approximately 50 
amino acid gap within this domain, where the proteins in Cluster A6 do not 
include such a gap. The gap in Cluster A7 proteins includes a region annotated 
as being from the HCP-like superfamily (cl19102), a group of iron sulfur proteins 
named after hybrid cluster protein (HCP), also known as prismane, that is 
hypothesized to play a role in nitrogen metabolism, possibly hydroxylamine 
assimilation, although its physiological role is not known (Bailey et al.). Upon 
increasing the E-value cutoff to 10e-60, clusters A6 and A7 completely separate 
from cluster A4 and from one another (Figure 1.3B). Cluster A6 becomes Cluster 
B6 and B7 while Cluster A7 becomes Cluster B9. Cluster B7 contains proteins 
annotated as coenzyme F420 hydrogenase (Schomburg et al. 1994). 
Clusters A11/B11 and A12/B12 represent the DsrA and DsrB proteins 
respectively. These dissimilatory siroheme-containing sulfite reductases have 
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been characterized biochemically, spectroscopically, and structurally (Wolfe et al. 
1994, Oliveira et al. 2008, Oliveira et al. 2008). DsrA and DsrB are similar in their 
domain architecture and have been suggested to have arisen from a gene 
duplication (Oliveira et al. 2008).  
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Figure 1.4. Amino acid sequence similarity network showing 1006 of 6203 bacterial 
sequences that contain an array of domains housed within the multi-heme reductases. 
(A) Domain arrangements in multi-heme reductases as annotated in NCBI. All domains 
are Pfam domains except “NrfA”. (B) Sequence similar network generated at E-value 
cutoff of 10e-12. Included proteins: SoccNiR (gi: 499386244), Shewanella oneidensis 
cytochrome c nitrite reductase; SoSirA (gi: 499383258), S. oneidensis octaheme sulfite 
reductase; NeHAO (gi: 30250266), Nitrosomonas europaea hydroxylamine 
oxidoreductase; Nec554 (gi: 499953983), N. europaea c554; SoOTR (gi: 24375630), 
S. oneidensis octaheme tetrathionate reductase; TvNiR(gi: 505070023), 
Thioalkalivibrio nitratireducens octaheme cytochrome c nitrite reductase. Bacterial 
sequences (gi numbers) pulled from NCBI using RefSeq database on December 30, 
2014 using {“NrfA” or “Cytochrom_c552” or “Cytochrome_c554” or “cytochrome_cB” or 
“multi-haem_cyto” or “Cytochrome_c7”} as the search term. Data set used for figure 
was 1000 randomly selected sequences plus those listed above. Tables listing 
sequences in each Cluster in Appendix 2.
1.4. Diversity of multi-heme reductases and oxidases – The multi-heme 
reductase and oxidase family, which includes ccNiR, is a diverse group of 
enzymes capable of reducing or oxidizing a range of known substrates including 
nitrite, sulfite, hydroxylamine, and hydrazine. Many of the members of the 
reductase and oxidase family contain eight c-type hemes, and potentially 
expanded chemistry (Mowat et al. 2004, Klotz et al. 2008, Schmid et al. 2008, 
Polyakov et al. 2009). These octaheme proteins are evolutionarily related to 
ccNiR, and likely resulted from addition of three additional hemes to the N-
terminus of the pentaheme proteins (Klotz et al. 2008). As a result of this 
evolutionary relationship, the arrangement of hemes within ccNiR appears to be 
conserved in these octaheme enzymes, where some of the hemes are 
superimposable with those in ccNiR (Mowat and Chapman 2005). There are also 
numerous proteins with yet additional hemes, and it is possible that these 
proteins are also part of the multi-heme oxidase and reductase family. 
Exploration of the diversity among the multi-heme proteins can provide insight 
into common themes in how nitrogen and sulfur chemistry has evolved, and is 
controlled by this diverse group of enzymes.  
Despite the apparent evolutionary relationship between the pentaheme 
enzymes and the octaheme enzymes, there is no consistency in how domains 
within the multi-heme reductases are annotated (Figure 1.4A). Using the 
domains found within these proteins as search terms in an NCBI search of the 
RefSeq database results in ~6000 bacterial sequences. Approximately 1000 
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randomly selected sequences were used to create a sequence similarity network 
(Figure 1.4B).  
Cluster C3 contains the pentaheme cytochrome c nitrite reductase from 
Shewanella oneidensis, ccNiR. As mentioned above these enzymes are capable 
of reducing a range of substrates include nitrite and hydroxylamine (Angove et al. 
2002, Judd et al. 2012). The pentaheme ccNiRs have been established as the 
evolutionary root of the octaheme enzymes, where the additional hemes in the 
octaheme enzymes arose from N-terminal extension of the NrfA gene (ccNiR) 
(Bergmann et al. 2005, Klotz et al. 2008). Also included within Cluster C3 are the 
octaheme cytochrome c nitrite reductase (ONRs), such as the enzyme from from 
T. nitratireducens, TvNiR (Tikhonova et al. 2006, Polyakov et al. 2009). ONRs 
have been suggested to have formed as the result of a gene duplication, and in 
some organisms, both genes encoding for ccNiR and ONR are present in the 
genome (Klotz et al. 2008). Because these proteins are relatively close on the 
evolutionary time scale, it is not surprising that TvNiR clusters tightly together 
with the pentaheme ccNiRs at this E-value cutoff. Another potential ONR within 
Cluster C3 is from delta proteobacterium MLMS-1, an arsenate respiring 
organisms from Mono Lake, CA (Hoeft et al. 2004). This protein is annotated as 
simply “cytochrome c” (gi:494503775). 
Cluster C3 also contains additional sequences that may represent novel 
proteins. For example, there are proteins such as the “respiratory nitrite 
reductase” from Anaeromyxobacter dehalogenans (gi: 86157337) which are 
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pentaheme, exhibit, in this case, 33% identity with SoccNiR, but have a histidine 
rather than a lysine in the ccNiR CXXCK motif. These proteins may represent 
evolutionary precursors to ccNiR, or it is possible that the active site is lysine 
ligated, but the lysine is not within the CXXC motif. An additional interesting 
member of this cluster is the putative ONR from Parasutterella 
excrementihominis, (gi: 496140018) which is annotated as a hypothetical protein. 
This protein is octaheme, contains a CXXCK motif, exhibits 30% identity with 
TvNiR, but the heme 8 is a CX4CH motif, rather than CXXCH. These non-
canonical CX4CH motifs have been described previously and can be matured by 
the ccm machinery (Allen et al. 2009). Thus, the diversity within this cluster, aside 
from octaheme versus pentaheme nitrite reductases, may also lie within the 
heme binding motifs.  
Cluster C2 contains the hydroxylamine oxidoreductase (HAO) enzymes, 
which carry out the four-electron, five-proton oxidation of hydroxylamine to nitrite 
(Mowat and Chapman 2005). HAOs play an import role in ammonia-oxidizing 
bacteria, which acquire the energy required for growth via the oxidation of 
ammonia to nitrite (Bergmann et al. 2005). The first step in this process is 
catalyzed by ammonia monooxygenase, which converts ammonia to 
hydroxylamine (Arp et al. 2002). The second step is carried out by HAO. HAOs 
are trimers and contain eight hemes per promoter: seven c-type hemes and one 
P460 (Andersson et al. 1984). These enzymes are annotated as having a “seven 
times multi-heme cytochrome CXXCH” domain (pfam13447) (Marchler-Bauer et 
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al. 2013). It is possible that some of the proteins in this cluster are hydrazine 
oxidoreductases (HZOs), which catalyzes the four-electron oxidation of hydrazine 
and are found in some annamox bacteria (Klotz et al. 2008, Schmid et al. 2008). 
Some HAO enzymes have the same Michaelis-Menten parameters for both 
hydroxylamine and hydrazine, making it difficult to biochemically distinguish 
HZOs from HAOs (Mowat and Chapman 2005).  
A small subcluster is present in Cluster C2, and contains several interesting 
sequences. Two sequences were discovered to contain 10 CXXCH motifs, where 
the additional motifs are inserted between the conserved HAO CXXCH motifs. 
These two sequences from Lentisphaera araneosa (gi:494490229) and 
Coraliomargarita akajimensis (gi:294054896), both bacteria isolated from 
seawater, also contain a CX4CH motif, for a total of eleven potential hemes. Also 
included in this subcluster is a sequence from yet another seawater bacterium, 
Rubidibacter lacunae, (gi:550282031), which contains only six CXXCH motifs, 
and is apparently missing hemes 1 and 4 in HAO heme notation. Theses results 
suggest that there are HAO-like proteins that may in fact be very different from 
the better studied HAO enzymes.  
Cluster C4 represents a loosely clustered group of sequences that is has 
connections with nearly all other clusters in Figure 1.4B. Included in this cluster 
are proteins annotated as “Cytochrome c” proteins, NrfB (Clarke et al. 2007), 
cystathionine beta-synthase (Clausen et al. 1996), cysteine hydrolase, and MtrA 
(Pitts et al. 2003). Proteins annotated as cysteine beta-synthases are likely 
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missannoatated, as blast searches reveal this protein is likely MtrD (Coursolle 
and Gralnick 2010). These enzymes are not multi-heme oxidoreductases, but it is 
interesting that rather than clustering separately from the multi-heme reductase 
enzymes such as HAO and ccNiR, they form a central cluster that connects 
separately to each class of multi-heme reductases.  
While some sequences within Cluster C4 are clearly NrfB proteins, such as 
the protein annotated as a cysteine deoxygenate from Aggregatibacter 
actinomycetemcomitans (gi: 491686653), also included are multiple pentaheme 
proteins that may not be NrfBs such as the hypothetical protein from Thermus 
igniterrae (gi: 516809343). Also included are a number of multiheme proteins 
from Geobacter, such as the 13 CXXCH motif containing protein (gi:490647279) 
which contains a large N-terminal region (~300 amino acids) that does not 
contain hemes. It is possible that some of these multi-heme proteins are novel 
enzymes.  
Perhaps the most interesting member of Cluster C4 is the putative hexa-
heme protein from Methylococcus capsulatus (gi:499262250). This protein 
contains four CXXCH motifs, as well as one CX3H and one CX4CH motif. Most 
striking is the inclusion of a C-terminal domain annotated as the sulfite reductase 
flavoprotein alpha subunit. A BLAST search indeed results in hits to the 
flavoprotein subunit of the NADPH-dependent siroheme sulfite reductases. This 
suggests the possibility that this enzyme is an NAD(P)H-dependent cytochrome c 
sulfite/nitrite reductase. 
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Also branched from Cluster C4 is Cluster C5, which contains the octaheme 
cytochrome c sulfite reductase from S. oneidensis (SoSirA). This enzyme has 
been identified as being a c-type heme contain dissimilatory sulfite reductase, 
which catalyzes the six-electron reduction of sulfite to sulfide, and therefore 
represents a novel class of sulfite reductases, the only sulfite reductase that does 
not employ siroheme (Shirodkar et al. 2011). These proteins contain a unique 
CX15CH heme binding motif that may require a dedicated chaperone (Kern et al. 
2011, Shirodkar et al. 2011). Some proteins within Cluster C5 are annotated as 
simply “cytochrome c”, but a blast search of one such protein from 
Campylobacter showae (gi: 489042972), suggests it is an octaheme SirA, as it 
has 52% identity with SoSirA. Importantly, the C. showae enzyme also contains 
the CX15CH motif. This suggest the possibility that many of the proteins within 
cluster C5 are likely octaheme sulfite reductases that are not yet annotated as 
such. Importantly, a number of proteins exist that are octaheme, but contain 
either CX4CH motifs (such as gi: 291279766, Deferribacter desulfuricans), or 
CX17CH motifs (such as gi: 488955231 Campylobacter jejuni). It will be 
interesting to determine if these are also octaheme sulfite reductases or perhaps 
different octaheme reductases, and what the effect the exact composition (X4 vs 
X15 vs X17) of the non-canonical heme binding motif has, if any, on reactivity.  
Also within Cluster C5 are octaheme proteins that contain Tetratricopeptide 
repeat domains (cd00189), which are typically involved in protein-protein 
interactions (Blatch and Lassle 1999). One such protein from Pseudomonas 
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putida (gi 501270861), contains eight hemes, two TPR repeats, and does not 
contain a CX15CH motif, suggesting it may not be an octaheme SirA, and could 
potentially be novel octaheme reductases and oxidases.  
A number of other sequences within Cluster C5 are multi-heme proteins that 
contain additional annotated domains. Two examples are the hypothetical protein 
from Shewanella halifaxensis (gi:501235781), which contains 8 CXXCH motifs as 
well as an N-terminal FLgD tutor domain. FLgD is a protein involved in flagellar 
biogenesis (Kuo et al. 2008). Another example is the hypothetical protein from 
Desulfitobacterium dehalogenans (gi: 504607730), which contains six CXXCH 
motifs and an RCR protein domain, which is involved in fungal cell wall 
biosynthesis (Imai et al. 2005). This annotation is almost certainly a incorrect, 
however it highlights the observation that proteins in Cluster C5 may be multi-
heme proteins with additional N or C-terminal domains, that may suggest a wide 
range of versatility in this architecture.  
Cluster C6 contains the octaheme tetrathionate reductases (OTR). These 
octaheme enzymes are capable of performing the two electron reduction of 
tetrathionate to thiosulfate, as well as the reverse two electron oxidation of 
thiosulfate to tetrathionate, although the efficiency is greater for the forward 
reaction (Mowat and Chapman 2005). These enzymes contain a lysine ligation to 
one of the hemes, as is observed in ccNiR, however this heme in OTR still has a 
CXXCH motif (Mowat et al. 2004). The OTR from Shewanella oneidensis has 
also been found to reduce both nitrite and hydroxylamine to ammonia, leading to 
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the suggestion that the enzyme is involved in the nitrogen cycle (Atkinson et al. 
2007). Cluster C6 contains almost entirely putative OTR proteins. However, one 
exception is a protein from Carboxydothermus hydrogenoformans (gi:78043627) 
which contains an N-terminal extension that includes an additional CX3CH motif, 
for a total of nine hemes.   
Cluster C10 forms a connection between the OTR and SoSirA clusters 
(Figure 1.4B). The proteins within this cluster are almost entirely annotated as 
simply being Cytochrome C proteins. The single protein connecting the OTRs, 
octaheme SirAs, and the bulk of Cluster C10 is an octaheme protein from 
Thermodesulfobacterium thermophilum (gi 551231397). The remainder of Cluster 
10 appears to be primarily unidentified proteins with 9, 11, and 12 CXXCH motifs.  
Because a cytochrome_c554 domain is present in SoOTR (Figure 1.4A), this 
domain was included as a search term for generating the list of sequences used 
in this analysis. Cluster C7 contains the tetraheme cytochrome c554 proteins. 
Cytochrome c554 is not a multiheme reductase physiologically, but is instead the 
redox partner of HAO (Iverson et al. 2001, Pulcu et al. 2007). These enzymes 
exhibit structural similarity with HAO and ccNiR in their heme environments 
(Iverson et al. 2001). Interestingly, it has been noted as displaying NO-reductase 
activity (Upadhyay et al. 2006), although it is unclear if this has any physiological 
relevance. At the very least, this does suggest that nitrogen/sulfur chemistry may 
be an inherent property of many multiheme proteins, giving insight into how such 
a diverse family of reductases has evolved. 
 22
A subcluster within Cluster C7 contains sequences such as that from 
Singulisphaera acidiphila (gi: 505061132), which includes the four CXXCH motifs 
corresponding to those in c554, as well as an additional CXXCH in a C-terminal 
extension for a total of five hemes. This C-terminal extension is also observed in 
a sequence from Isosphaera pallida (gi: 503328843), although the N-terminal 
heme binding motif is CX4CH rather than CXXCH.  
Cluster C1 contains additional c554 domain containing proteins. The proteins 
within this cluster are entirely unannotated but all appear to be pentaheme 
proteins. Broadly, the sequences can be divided into two groups. One group, 
which contains the putative membrane protein from Rhodopirellula sallentina (gi: 
495948853) are large (c.a. 900 amino acid) proteins that, in addition to the five 
CXXCH motifs, also contain a C-terminal TPR domain. This TPR domain is  also 
found in some Cluster C5 proteins. One of the TPR containing, sequences in 
Cluster C1 (such as Planctomyces maris, gi:488722724) also contain an N-
terminal region, which is sometimes annotated as a 7TM region. These seven 
transmembrane regions are often found in membrane receptors, suggesting the 
possibility that some of these proteins are multi-heme signaling proteins 
(Anantharaman and Aravind 2003). It is likely that the TPR-domain containing 
proteins in cluster C1 are all membrane bound protein.  
The second group of proteins within Cluster C1 also contain five CXXCH 
motifs, but are shorter (c.a. 300 amino acids) and do not contain TPR domains. 
An example is a sequence from Geobacter sulfurreducens (gi: 499246028). The 
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function of these proteins is likely vastly different than the TPR containing 
proteins, although it is interesting that they cluster together as this could give 
some insight into the evolutionary history of the TPR-containing proteins.  
Cluster C9 also contains various proteins which are annotated as cytochrome 
c554 proteins but are mostly small (c.a. 100 amino acids) single heme proteins 
likely unrelated to the multi-heme enzymes. One sequence from Shewanella 
violacea, (gi: 294138857) contains two CXXCH motifs and is approximately 200 
amino acids in length.  
Cluster C8 contains the S. oneidensis multiheme protein MtrC, which contains 
a c554 domain. MtrC is an outer membrane decaheme protein involved in the 
ability of S. oneidensis to reduce metals (Beliaev et al. 2001, Clarke et al. 2008). 
Additionally, Cluster C8 contains the undecaheme protein UndA, another outer 
membrane protein in Shewanella (Edwards et al. 2012). These proteins, which 
are not multiheme reductases or oxidases, are not part of the main clustering of 
proteins. They are likely only included because of the c554 domain search term.  
1.5. Unexplored diversity of the SiRs/NirS and beyond – This analysis 
suggest that there is a great deal of diversity that is yet to be explored in the 
world of both the siroheme dependent reductases and the multi-heme reductases 
and oxidases. Because these proteins of unknown function are related to 
enzymes that catalyze multi-electron reductions, it is possible that these 
unstudied enzymes may themselves catalyzes multi-electron chemistry – some 
of which may be novel. While it is important to fully understand the chemistry of 
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enzymes which are already fairly well-studied, the overall goal of the subsequent 
chapters, it will also be important to further explore how these complex reactions 
are handled different by a diverse array of enzymes. Since many of these 
proteins are capable of reacting with an array of sulfur and nitrogen containing 
substrates, it will be difficult to fully identify their function without coupling 
biochemical studies to microbiology approaches. Nevertheless, the diversity of 
multi heme enzymes, and likely the diversity of multi-electron reactions catalyzed 
by these enzymes remains to be fully explored. 
1.6. Summary and Goals – The overall goal of this work was to explore the 
diversity of the sulfite and nitrite reductases, by analyzing the reactivity of two 
distinct members of this broad family of enzymes: the multi-heme reductase 
Shewanella oneidensis cytochrome c nitrite reductase and the siroheme-
dependent Mycobacterium tuberculosis sulfite reductase. This was accomplished 
in four separate chapters: 
• Chapter 2 is an electrochemical characterization of ccNiR, which seeks to 
address the nature of the electron transfer steps that occur during the 
reduction of substrate. Specifically, this chapter focuses on the stoichiometry 
of the electron transfer steps during both nitrite and hydroxylamine reduction, 
seeking to determine if the reaction is carried out in a series of one-electron 
steps or coordinated two-electron steps. 
• Chapter 3 explores proton-coupled redox events that occur during the 
reduction of nitrite to ammonia by ccNiR. This chapter seeks to determine the 
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properties of proton-coupled redox steps that occur during the reduction of 
nitrite, as well as how these proton-coupled redox events are governed by the 
active site amino acid residues in ccNiR. 
• Chapter 4 focuses of the unusual covalent Cysteine-Tyrosine linkage in 
the active site of mtSirA, with the specific aim of determining the role of these 
amino acids in catalysis. The results of these experiments suggest that the 
Cys-Tyr linkage is not directly involved in catalysis, but instead may be 
involved in governing substrate specificity.  
• Chapter 5 is a transient-state kinetics investigation of mtSirA sulfite 
catalysis, where the overall goal was to provide a better understanding of the 
mtSirA catalytic mechanism. The primary aim is to determine if a species can 
be detected during catalysis, to determine the properties of this detected 
species, and then to make an overall assessment of whether this species is 
an intermediate on the pathway of reduction of sulfite to sulfide by mtSirA.  
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CHAPTER 2 
A DIRECT ELECTROCHEMICAL INVESTIGATION OF SHEWANELLA 
ONEIDENSIS CYTOCHROME C NITRITE REDUCTASE† 
† This work adapted with permission from:  
Judd, E. T., Youngblut, M., Pacheco, A. A., & Elliott, S. J. (2012). Direct 
electrochemistry of Shewanella oneidensis cytochrome c nitrite reductase: 
evidence of interactions across the dimeric interface. Biochemistry, 51(51), 
10175-10185. ©2012 SBIC 
Youngblut, M., Judd, E. T., Srajer, V., Sayyed, B., Goelzer, T., Elliott, S. J.,  
Pacheco, A. A. (2012). Laue crystal structure of Shewanella oneidensis 
cytochrome c nitrite reductase from a high-yield expression system. JBIC Journal 
of Biological Inorganic Chemistry, 17(4), 647-662. (Figure 5) ©2012 American 
Chemical Society 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 2.1. INTRODUCTION 
Cytochrome c nitrite reductase (ccNiR) carries out a key step in the bacterial 
nitrate respiration pathway under anaerobic conditions (Simon 2002). The 
periplasmic enzyme catalyzes the six-electron reduction of nitrite to ammonia, 
the second step in the two-step conversion of nitrate to ammonia (Potter et al. 
1999). During this process, ccNiR draws electrons from the quinol pool, 
ultimately, which are provided by the oxidation of a non-fermentable substrate 
such as formate or H2, and thereby facilitates the generation of an 
electrochemical proton motive force (Pope and Cole 1982, Simon 2002, Gao et 
al. 2009). In addition to catalyzing the reduction of nitrite, ccNiR is also capable 
of carrying out the two-electron reduction of hydroxylamine and the five-electron 
reduction of nitric oxide. The physiological function of the latter two reductions is 
not well understood, but it has been speculated that the hydroxylamine reduction 
activity may play a role in cellular detoxification processes (Kajie and Anraku 
1986, Stach et al. 2000). Additionally, because both nitric oxide and 
hydroxylamine are readily reduced by ccNiR, it has been hypothesized that they 
are intermediates along the nitrite reduction pathway (Bamford et al. 2002, Einsle 
et al. 2002).  
CcNiR purifies as a homodimer with an extensive dimer interface and 
contains five c-type hemes per monomer (Figure 2.1). The crystal structures for 
ccNiR from several different organisms are available, e.g., Escherichia coli 
(Bamford et al. 2002), Wolinella succinogenes (Einsle et al. 2000), 
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Sulfurospirillum deleyianum (Einsle et al. 1999), and more recently Shewanella 
oneidensis (Youngblut et al. 2012). The overall arrangement of active site 
residues and hemes are conserved across all structures. Each monomer 
contains four bis-His hemes which have been proposed to act as electron relays, 
as well as a unique lysine-ligated active site heme.  
The catalytic mechanism of ccNiR is largely unknown; however at least one 
mechanism has been proposed based on crystal structures of ccNiR with bound 
intermediates (Einsle et al. 2002). While this mechanism, proposed by Einsle and 
colleagues (2002), has been useful as a starting point for suggesting potential 
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Heme 1
Heme 3 Heme 4
Heme 2
Heme 5
Figure 2.1. Crystal structure of S. oneidensis ccNiR. One monomer of the complete 
homodimer is transparent to highlight the positions of c-type hemes. Image rendered in 
PyMol from PDB file 3UBR.pdb.
intermediates along the catalytic cycle, it has yet to be experimentally shown how 
electrons and protons are delivered to the active site of the enzyme (Angove et 
al. 2002). In particular, it is still not known if electrons are delivered to the active 
site one at a time, or if there are coordinated two-electron transfers, which could 
be achieved by electronically coupled hemes that could effectively deliver two 
electrons simultaneously: spectroscopic studies have provided some evidence 
for coordinated transfer (Bamford et al. 2002, Gates et al. 2011). 
One strategy to probe the mechanistic chemistry of ccNiR has been through 
the use of protein film voltammetry (PFV), an electrochemical technique that has 
proven quite useful in studying the mechanisms of redox enzymes (see Léger et 
al 2003, and Léger and Bertrand 2008 for reviews). This method provides the 
ability to modulate the applied potential while monitoring catalytic activity in the 
form of current passed by the enzyme. Studying the Escherichia coli nitrite 
reductase, Butt and co-workers have found that E. coli ccNiR will 
electrocatalytically reduce nitrite and hydroxylamine at pyrolytic graphite edge 
(PGE) electrodes (Angove et al. 2002, Burlat et al. 2005, Gwyer et al. 2005, 
Gates et al. 2011). These studies have produced an electrochemical ‘fingerprint’ 
for ccNiR, where catalytic waves produced in PFV experiments are composed of 
multiple features. These features include a ‘boost’ in activity visible at high nitrite 
concentrations, as well as a decrease in activity at low potentials and low nitrite 
concentrations. Additionally, catalytic waves observed during hydroxylamine 
turnover are also complex, containing multiple features at both low and high 
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concentrations.  It has been suggested that this electrochemical fingerprint 
should be common to all cytochrome c nitrite reductases (Angove et al. 2002), a 
hypothesis tested in this chapter.   
Shewanella oneidensis MR-1 is a facultative anaerobe from the γ-
proteobacteria capable of reducing a broad array of metals and organic 
compounds, which may prove useful in bioremediation and bioenergy 
applications (Hau and Gralnick 2007, Fredrickson et al. 2008, Beg et al. 2012). 
Recently, the cytochrome c nitrite reductase from S. oneidensis has been 
purified, crystallized, and its redox centers electrochemically characterized (Gao 
et al. 2009, Youngblut et al. 2012). The structural arrangement of the hemes and 
active site residues are largely consistent with the other ccNiR structures 
reported in the literature. Additionally, cyclic voltammograms recorded using PFV 
with films of Shewanella ccNiR in the absence of substrate yielded a broad 
envelope of signal, corresponding to the reduction and subsequent reoxidation of 
the five heme cofactors within Shewanella ccNiR (Figure 2.2), which can be 
assigned potentials of -295, -230, -166, -105, and -36 mV at pH 6) (Youngblut et 
al. 2012). These results are consistent with results of spectropotentiometric 
titrations of Shewanella ccNiR, and other ccNiR enzymes that have shown that 
redox transformations occur over a broad range of potential (Costa et al. 1996, 
Eaves et al. 1998, Pereira et al. 2000, Bamford et al. 2002).  There was no 
evidence of electronic coupling between hemes, as the envelope of signal can be 
fit to a model corresponding to the reduction of five one-electron centers. This 
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response is similar to what has been reported for E. coli ccNiR adsorbed to an 
electrode (Gates et al. 2011). 
Here, the characterization of the catalytic properties of Shewanella ccNiR 
using PFV during both nitrite and hydroxylamine turnover is reported, and 
compared to the catalytic properties of E. coli ccNiR. Despite the similarity in 
structure to E. coli ccNiR (Figure 2.1) (Youngblut et al. 2012), this chapter reports 
distinct differences in both the electrochemical and kinetic characteristics of 
Shewanella ccNiR that address the stoichiometry of electron transfer steps in the 
catalytic cycle, highlight the relative rates of activation/inactivation at different 
potentials, and provide evidence that the individual monomers that comprise a 
ccNiR homodimer are not isolated from one another during catalysis. 
2.2. MATERIALS AND METHODS 
2.2.1. Protein Purification. Shewanella oneidensis cytochrome c nitrite 
reductase was purified from a high yield expression system as described 
previously by Youngblut and colleagues (Youngblut et al. 2012). Protein stocks 
were stored in aliquots at -80 °C and working stocks were stored at -20 °C. 
2.2.2. Protein Film Voltammetry Experiments.  Shewanella ccNiR  was 
immobilized on a pyrolytic graphite edge (PGE) electrode by pipetting 3 µL 175 
µM enzyme solution onto a freshly polished electrode, waiting approximately 20 
seconds, then pipetting off excess enzyme solution. Prior to film generation 
electrodes were polished with an aqueous slurry of 1.0 µm alumina, then the 
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alumina was removed by sonicating for several minutes. After generation of an 
enzyme film, electrodes were immersed in a mixed-buffer with 5 mM each of 
sodium acetate, MES, MOPS, TAPS, CHES, and CAPS, 100 mM NaCl and 2 
mM CaCl2 which allowed buffering over a range of pH values. For hydroxylamine 
turnover experiments, 10 mM of each of the buffering salts were used with 100 
mM NaCl and 2 mM CaCl2. The pH of stock solutions of hydroxylamine were 
adjusted to pH 8.3. Additionally, the final pH of the cell solution was confirmed to 
be pH 8.3 after each complete hydroxylamine titration. A three electrode 
electrochemical cell was used, which used a platinum wire as a counter electrode 
and a saturated calomel reference electrode. All potentials are corrected by +242 
mV and reported relative to the standard hydrogen electrode. The reaction cell 
was water-jacketed, which allowed regulation of temperature.  
Experiments were carried out anaerobically in an MBruan Labmaster glove 
box under a nitrogen atmosphere at 20°C, unless otherwise noted. PFV 
experiments were performed using a PGSTAT 12 or PGSTAT 30 AutoLab 
(Ecochemie) potentiostat, equipped with ECD and FRA modules. The working 
electrode was rotated during catalytic experiments using a EG&G electrode 
rotator. All PFV data were collected using the GPES software package 
(Ecochemie). All cyclic voltammograms were analyzed using the SOAS  package 
(Fourmond et al. 2009). For both catalytic and non-turnover signals, background 
electrode capacitance was subtracted from the raw data. All reported limiting 
currents or midpoint potentials were also measured using SOAS. In the case of 
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catalytic PFV experiments, only the reductive (cathodic) scan was used for 
measurements of midpoint potentials and limiting currents. Limiting current 
measurements and half-hight widths were typically averages of three or more 
independent experiments. 
2.2.3. Modeling of Shewanella ccNiR catalytic voltammograms. The reductive 
half of cyclic voltammograms of Shewanella ccNiR nitrite and hydroxylamine 
turnover were baseline subtracted to remove the background contribution to the 
catalytic waves due to electrode charging using the SOAS package (Fourmond 
et al. 2009). All subsequent analysis was also done using SOAS. Reductive 
waves produced in the presence of 15 µM nitrite were fit to two models: Model A 
and Model B. Model A describes a catalytic wave consisting of two separate 
components, such that both the onset of catalysis (component 1, Ecat) and Esw 
(an attenuation in activity, component 2) are due to one-electron processes. 
Model B also accounts for a catalytic wave consisting of two separate 
components, except the onset of catalysis (component 1, Ecat) is due to a two 
electron process and Esw (component 2) is due to a one-electron process. The 
resulting best fits are plotted with the data in Figure 2.5, panel A.  
Baseline subtracted reductive waves produced in the presence of 1.9 mM 
nitrite and 1.2 mM hydroxylamine were each fit to two models: Model A and 
Model C. Model A, as described above, is composed of two one-electron 
components (Ecat1 and Ecat2). Model C assumes catalytic waves are composed of 
two components and both of the onset of catalysis (component 1, Ecat1) and the 
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lower potential catalytic feature (component 2, Ecat2) are due to two-electron 
features. 
2.3. RESULTS 
2.3.1 Absence of evidence of electronic coupled between hemes in ccNiR. 
PFV experiments performed on S. oneidensis ccNiR films in the absence of 
substrate produced a broad envelope of reversible signals that span 
approximately 450 mV (Figure 2.2). These signals correspond to the reduction 
and subsequent oxidation of the heme cofactors within the enzyme. The non-
turnover voltammograms for S. oneidensis ccNiR reported here are similar to 
what has been previously reported for E. coli ccNiR (Gates et al. 2011). E. coli 
ccNiR voltammograms also appear as a broad envelope of signal spanning 
approximately the same region of potential, however E. coli ccNiR 
voltammograms are more featured and the range of potential covered is slightly 
larger than that of S. oneidensis ccNiR. The overall shape of S. oneidensis ccNiR 
voltammograms change with pH, indicating the presence one or more pH-
dependent redox centers. At high pH values the envelope appears as a single 
peak, while at pH values lower than 7 the envelope appears to be composed of 
two large overlapping peaks. At pH values less than 6 and at 0°C, the envelope 
of signal can be better resolved and more than two peaks can be observed. This 
resulting envelope of signal can be deconvoluted as the sum of five one-electron 
peaks (napp ≈ 1), each corresponding to one of the five hemes in a ccNiR 
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monomer (Figure 2.2B). Voltammograms reported for E. coli ccNiR also fit to five 
one-electron centers (Gates et al. 2011). Fitting to account for a combination of 
three one-electron and one two-electron centers to address the possibility of 
cooperativity between heme centers yielded poor fits (Figure 2.2C). 
2.3.2. Overview of electrochemical nitrite reduction by Shewanella ccNiR. 
Upon addition of nitrite to the electrochemical cell solution, cyclic voltammograms 
produced by Shewanella ccNiR at PGE electrodes are converted into large, 
reducing sigmoidal current waves, indicating the reduction of nitrite by a 
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Figure 2.2. Protein Film Voltammetry of ccNiR collected on the bench top under argon 
to remove oxygen. (A) Typical Shewanella ccNiR signal on a graphite electrode. 
Experiment  was carried out at pH 5.15, 0°C, scan rate 45 mV/s. Full cyclic 
voltammogram and background subtracted data shown. (B) Baseline-subtracted non-
turnover Shewanella ccNiR voltammogram recorded at 0°C, pH 6, 250 mV/s. Em 
values are -295 mV, -230mV, -166 mV, -105 mV, and -36 mV. (C) Same data as in 
panel B, but fit to a model that accounts for three one-electron centers and one 
electronically coupled two-electron center. Black trace is baseline-subtracted 
voltammogram, red trace and dotted lines are from the resulting fit; equation for fitting 
derived from the Nernst equation. Sub-plots show the residuals for fits of the oxidative 
(Ox) and reductive (Red) scans.
catalytically active enzyme (Figure 2.3A). As the electrode potential is lowered, 
the catalytic current eventually reaches a limiting value (ilim); the magnitude of the 
limiting current value becomes larger with increasing substrate concentration in a 
manner analogous to Michaelis-Menten kinetics. In a similar fashion to E. coli 
ccNiR, the limiting currents and shape of the catalytic wave are somewhat 
dependent on the rotation rate of the working electrode, due to the very fast 
turnover numbers of the enzyme, which allow it to quickly deplete substrate in the 
direct proximity of  the electrode surface. Nevertheless, current is minimally 
dependent upon rotation rates at values greater than 2000 rpm (Figure 2.4), and 
at rotations of 3000 rpm,  diffusional contributions to the limiting current are small 
(less than 2-3%).   
Previous catalytic PFV experiments with E. coli ccNiR reported by Butt and 
colleagues (Angove et al. 2002), as well as experiments with other other related 
cytochrome c nitrite reductases, have established a ‘fingerprint’ for nitrite 
turnover, characterized by a number of distinct features that can be observed in 
the catalytic voltammograms (Angove et al. 2002, Gates et al. 2011). Cyclic 
voltammograms of Shewanella ccNiR display comparable features. Distinct 
features in catalytic waves produced in a PFV experiment are best illustrated by 
plotting the first derivate of the catalytic waves (Figure 2.3A, bottom panel), 
where peaks are centered on a midpoint potential, termed Ecat. A positive peak 
indicates an increase in activity while a negative peak indicates a decrease in 
activity. Notably, like E. coli ccNiR, Shewanella ccNiR exhibits differential activity 
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within ranges of potentials: after the onset of catalysis, in the presence of low 
concentrations of nitrite current magnitude steadily increases until a potential 
value of approximately -300 mV is reached (Figure 2.3B). When the electrode 
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Figure 2.3. Current-potential profile of Shewanella ccNiR nitrite reduction. (A) Cyclic 
voltammograms of Shewanella ccNiR in the presence of increasing concentrations of 
nitrite. Reactions were carried out at 20°C, pH ~8.3, scan rate 10 mV/s, electrode 
rotation rate 3000 rpm. Bold arrow indicates direction of increasing nitrite concentration 
(1.4, 5.5, 17, 54, 160, 490, and 1460 µM). Full scans are shown in top panel. Filled 
horizontal double-headed arrows indicate the potential range where the boost is 
observed, -300 to -525 mV. Open horizontal double-headed arrows indicate the 
potential range where the switch is observed, -300 to -470 mV. First derivative of 
reductive scans of catalytic waves are shown in bottom panel. (B) Baseline-subtracted 
reductive catalytic wave for Shewanella ccNiR at 1.37 µM nitrite showing the decrease 
in activity at potentials below ~ -300 mV. (C) First derivative of reductive catalytic wave 
for Shewanella ccNiR at 54.1 µM nitrite showing that three distinct features can be 
simultaneously observed.
potential is swept to lower potentials the activity of the enzyme is attenuated, 
which is observed as a decrease in current magnitude with decreasing potential. 
The decrease in activity is centered on a potential termed the ‘switch’ (Esw) 
(Angove et al. 2002, Gates et al. 2011), and the steepness of this feature is 
consistent with a one-electron process.  
As the concentration of nitrite is increased a new feature begins to develop in 
the catalytic wave which is observed in the -300 to -525 mV potential window in 
the catalytic current-potential profile (Figure 2.3A, filled horizontal arrows). This 
boost in activity at higher nitrite concentrations is also observed in E. coli ccNiR 
(Angove et al. 2002).   
It is important to note that under certain conditions such as pH > 8 and ~50 
µM nitrite, the ‘switch’ and the ‘boost’ can be observed simultaneously in 
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Figure 2.4. Dependence of limiting current on electrode rotation rate. Scans recorded at 
487 µM nitrite, pH 7, 2 mM CaCl2, 20°C. Limiting current measured at -550 mV. At 3000 
rpm magnitude of limiting current is essentially independent of rotation rate.
Shewanella ccNiR PFV experiments. At pH values > 8, the magnitude of each 
component varies as a function of substrate in a non-linear manner suggesting 
that these two features represent two independent processes (Figure 2.3C). 
Hence, the onset of the boost is not necessarily related to the diminished 
prominence of the switch at higher nitrite concentrations. Thus, a total of three 
separate features are observed during nitrite turnover by Shewanella ccNiR: 
Ecat1, the primary catalytic feature which is observed at the onset of catalysis; 
Ecat2, the boost in activity observed at higher nitrite concentrations; and Esw, the 
attenuation of activity observed at lower potentials.   
As outlined above, the overall current-potential profile of Shewanella ccNiR is 
similar to E. coli ccNiR. However, there are key differences between the enzymes 
upon closer inspection of Shewanella ccNiR voltammetry. Unlike E. coli ccNiR 
the boost in activity (Ecat2) is barely visible in Shewanella ccNiR at pH 7, even at 
saturating nitrite concentrations. Increasing the pH of the cell solution to >8 
results a catalytic ‘fingerprint’ much more similar to that of E. coli ccNiR (See 
Figure 3 in Angove et al 2002) with the boost developing as nitrite concentration 
increases until it eventually dominates the waveform (Figure 2.3). Because the 
current-potential profile is more similar to E. coli ccNiR at higher pH, I have 
further characterized Shewanella ccNiR at pH ~8.3. There are other notable 
differences between the behaviors of Shewanella ccNiR and E. coli ccNiR: in 
some experiments with Shewanella ccNiR, the decrease in activity associated 
with Esw is observable even at nitrite concentrations well above Km (~500 µM) at 
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near neutral pH values, while the same feature is only observed at very low 
concentrations of nitrite in E. coli ccNiR (< 25 µM) in the same pH range.  
An additional difference is the steepness of the catalytic waves centered at 
Ecat1 and Ecat2 in Shewanella ccNiR, which is related to the number of electrons 
associated with that catalytic wave. Catalytic waves produced during nitrite 
turnover fit best to models accounting for one-electron processes (Figure 2.5). 
This is true at both low and high nitrite concentrations. Taking the first derivative 
of catalytic waves produces peak-like signals that can be analyzed in a similar 
manner to that of non-turnover signals. Thus, a catalytic wave  associated with a 
simple one-electron process, displays a derivative with a  predicted peak-width of 
~89 mV at half height, while a two-electron feature will similarly yield a derivative 
with a much narrower peak-width (~44.5 mV). Analysis of the first derivatives of 
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Figure 2.5. Baseline-subtracted reductive scans of catalytic voltammograms for nitrite 
(A,B) and hydroxylamine (C) turnover. All scans were recorded at pH 8.3, 20°C, 20 mV/
s, 2 mM CaCl2, 3000 rpm electrode rotation rate. Data is fit to different models discussed 
in supplementary methods. Residuals of each fit are shown in the subplots. (A) 
Shewanella ccNiR catalysis at 15 µM nitrite. (B) Shewanella ccNiR catalysis at 1.9 mM 
nitrite. (C). Shewanella ccNiR catalysis at 1.2 mM hydroxylamine. 
catalytic waves produced during turnover in the presence of excess nitrite 
showed that Ecat1 and Ecat2 have half-height peak widths of 82 ± 4 mV and 137 ± 
2 mV respectively. At low concentration, when the switch is apparent, the 
catalytic wave is 84 ± 8 mV, while the switch is 88 ± 6 mV at half height. These 
peak widths are consistent with one-electron processes, however the width of 
Ecat2, which is observed during turnover of excess nitrite, is broader than 
expected. Nevertheless, both are consistent with one-electron processes while at 
the onset of nitrite reduction E. coli ccNiR yielded catalytic waves that were found 
to be two-electron in nature (Angove et al. 2002).  
At pH values greater than 8.5 and less than 6.5 and at scan rates up to 20 
mV/s, the reductive and oxidative scan of catalytic waves during nitrite reduction 
are essentially superimposable, behavior that is expected for an electroactive 
catalyst subjected to a complete, cyclic set of potential sweep increases (Figure 
2.3). However, between pH 7 and 8, at high nitrite concentrations (~500 µM) the 
reductive and oxidative scan are not superimposable and hysteresis is observed, 
such that the return oxidative sweep becomes separated from the reductive 
sweep and the two scans do not superimpose (Figure 2.6). This indicates that 
the activity of the enzyme is attenuated after exposure to very low potentials. 
This behavior appears to be associated with the appearance of the ‘switch’, 
which occurs in the pH 7 range, as mentioned above. Similar behavior is 
observed with E. coli ccNiR but the specifics of this behavior appear to be quite 
different: first, it has been reported that adding 2 mM CaCl2 to the 
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electrochemical buffer improves this non-superimposable nature for E. coli ccNiR 
voltammograms (Angove et al. 2002, Burlat et al. 2005). While adding CaCl2 to 
the cell solution results in a perturbation of the overall shape of the cyclic 
voltammogram for Shewanella ccNiR nitrite turnover, the inequality between the 
oxidative and reductive scans was still significant even at concentrations up to 10 
mM CaCl2. (Nevertheless, 2 mM CaCl2 was routinely included in the cell solution 
for all experiments for all experiments reported here.) Second, the reversibility of 
E. coli ccNiR catalytic voltammograms are improved by increasing the scan rate 
to values above or equal to 20 mV/s, which corresponds to the enzyme being 
exposed to potentials below -400 mV for approximately 20 seconds or less. This 
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Figure 2.6. Superimposability of oxidative and reductive waves during nitrite turnover 
depends on scan rate. Scans recorded at 500 µM nitrite, pH 7, 2 mM CaCl2, 20°C, 3000 
rpm. 
has been attributed to a time dependence for exposure of the enzyme film to 
lower potentials; longer exposure (slower scan rate) leads to more inactivation 
and more irreversibility in catalytic voltammograms. Here the opposite effect is 
observed with Shewanella ccNiR: lowering the scan rate to values below 2 mV/s 
significantly improves the superimposability of the oxidative and reductive scans, 
and the scans are most reversible at 0.5 mV/s (Figure 2.6). The sweep from -600 
to -400 mV at 2 mV/s takes ~100 seconds (compared to just 10 seconds at 20 
mV/s), suggesting that the process responsible for the reactivation of the enzyme 
that occurs as the electrode potential is swept back to oxidative potentials is quite 
slow. After the enzyme activity is attenuated as the potential is lowered, the scan 
rate must be sufficiently slow to allow the attenuation process to be reversed 
otherwise the activity of the enzyme would remain attenuated. 
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Figure 2.7. Variation in limiting current as a function of the concentration of nitrite. 
Experiment carried out at pH 8.3, 20°C, 20 mV/s. Data is fit to a substrate inhibition 
model (Equation 1). Limiting current was measured at -550 mV.
2.3.3. Determination of kinetic parameters for Shewanella ccNiR nitrite 
reduction. Determining Michaelis-Menten parameters for Shewanella ccNiR 
using limiting currents (at -550 mV) revealed what appears to be atypical kinetics 
during nitrite reduction by this enzyme (Figure 2.7). After reaching concentrations 
of nitrite in excess of 1 mM, the magnitude of the limiting current (enzyme 
activity) begins to decrease with increasing nitrite concentration. This behavior 
has not been reported for either E. coli ccNiR or Shewanella ccNiR previously; 
however it is likely that prior nitrite titrations were not carried out to high enough 
concentrations to observe this phenomenon. A common cause for decreased 
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Figure 2.8. Film loss can not account for decrease in limiting current at high nitrite 
concentrations. Experiment was carried out at pH 8.3, 2 mM CaCl2, 18°C, 3000 rpm. 
Four scans showing decrease in ilim with increasing nitrite concentrations. After each 
scan at high nitrite concentrations, the working electrode was transferred to an 
electrochemical cell containing 15 µM nitrite. This was repeated between each of the 
scans at high nitrite concentrations. There were no differences in ilim between these four 
interim scans. Thus, the decrease in ilim at higher concentrations is not due to film loss.
activity in PFV experiments is “film-loss”, a decreasing population of active 
enzymes adsorbed to the electrode (Fourmond et al. 2009). However, the 
amount of film loss observed from scan to scan at high nitrite concentrations was 
negligible, and could not account for the decrease in current observed under 
these conditions (Figure 2.8). Additionally, increasing the concentration of NaCl in 
the buffer to 150 mM did not affect the kinetic parameters (Km, Vmax) or the 
overall shape of the nitrite titration data, excluding the possibility that the 
observed inhibition is due to a generic ionic strength effect (Figure 2.9).  Thus, it 
seems that that Shewanella ccNiR experiences substrate inhibition at higher 
nitrite concentrations.  
In order to obtain accurate estimates of kinetic values for the Fig. 2.9 data, 
these data were fit to a model in which a second substrate molecule binds so as 
to inhibit the enzyme (Eq. 2.1). Ki is then the dissociation constant of an inhibitory 
ternary complex (Copeland 2000). Product inhibition seems unlikely since only 
picomolar concentrations of enzyme are present, and the amount of product that 
accumulates in solution during an experiment is therefore very small. Using the 
substrate inhibition model I have determined the KM for nitrite reduction to be 54 
± 12 µM, with a Ki of 18 ± 4 mM. Additionally, because robust non-turnover 
signals with Shewanella ccNiR can be obtained, enzyme concentration on the 
electrode can be calculated and therefore a value for kcat can be determined. An 
average enzyme coverage of 34 pmol/cm2 is obtained, which was calculated by 
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v =
Vmax[S]
KM + [S](1 + [S]/Ki)
(2.1)
measuring the area under the peak resulting from an enzyme film. Using PFV an 
apparent kcat with respect to nitrite was determined to be 7 ± 2 s-1, which 
translates to 42 ± 10 electrons s-1. These values are much lower than values 
reported for Shewanella ccNiR using solution assays (4944 electrons s-1), yet 
represent current magnitudes and surface coverages that are similar to the E. 
coli ccNiR system (Angove et al. 2002, Gates et al. 2011). The difference 
between the apparent kcat determined by PFV may be the result of a number of 
factors. First Shewanella ccNiR was characterized at pH ~8.3, to maximize the 
ability to observe all three components of the catalytic signatures simultaneously, 
whereas solution assays were performed at pH 7 (Angove et al. 2002, Youngblut 
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Figure 2.9 Variation in limiting current as a function of nitrite concentration in the buffer 
containing 150 mM NaCl. Experiments carried out at pH 8.3, 20°C, 20 mV/s, with an 
electrode rotation rate of 3000 rpm. Limiting current was measured at -550 mV. Kinetic 
values, determined by fitting to equation 1, were Km = 47 ± 10 µM, Vmax 4.2 ± 0.3 µA, KI 
16 ± 6  mM. These values are consistent with those determined in buffer containing 100 
mM NaCl.
et al. 2012): the pH optimum is ~7.5 (Kajie and Anraku 1986). Alternatively, the 
difference may indicate that only a small sub-population of the enzymes detected 
in non-turnover experiments actually participate in catalysis, which would lead to 
an overestimation of surface coverage, as has been proposed for the E. coli 
ccNiR, where as few as 4% of enzymes in a monolayer of E. coli ccNiR were 
catalytically competent (Gwyer et al. 2006, Leger and Bertrand 2008). Whatever 
the reason for this discrepancy, the value for KM is very consistent with the value 
of 23 ± 4 µM determined for Shewanella ccNiR by solution assays (Youngblut et 
al. 2012), indicating that adsorption to the electrode surface does not negatively 
impact catalysis for the sub-population that is active.   
2.3.4. Overview of Hydroxylamine Reduction by Shewanella ccNiR. As 
reported for E. coli ccNiR, the concentration of hydroxylamine needed to observe 
turnover by Shewanella ccNiR is higher than concentrations required for nitrite 
reduction. Hydroxylamine turnover for Shewanella ccNiR was been observed at 
concentrations as low as 30 µM, an order of magnitude lower than the minimum 
hydroxylamine concentrations required to see turnover by E. coli ccNiR.  
As seen in the case of nitrite reduction, the behavior of Shewanella ccNiR 
during hydroxylamine turnover was most similar to that of E. coli ccNiR (collected 
at pH 7) when the Shewanella ccNiR data were collected at pH 8.3. Rotation rate 
did not appear to affect the catalytic response of Shewanella ccNiR, so all 
hydroxylamine-turnover experiments were performed at 3000 rpm (Figure 2.10). 
The catalytic fingerprint of hydroxylamine catalysis is similar to that reported for 
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E. coli ccNiR, with three features within the catalytic waveforms (Figure 2.11). 
The waveforms are dominated by a feature positioned at intermediate potential 
(Ecat2), which overlaps with a second, higher potential feature (Ecat1). The third 
feature (Ecat3) occurs at low potentials, and is very small compared to the other 
two features. The extent of overlap between Ecat1 and Ecat2 prevented the direct 
measurement of the half-height widths of the first-derivates of the catalytic 
waves. Despite the relatively broad nature of the catalytic waves observed during 
hydroxylamine turnover, the waves observed at low hydroxylamine 
concentrations (1.2 mM) are clearly better fit by a model that incorporates two 
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Figure 2.10. Rotation rate dependence of limiting current for hydroxylamine turnover. 
Experiment carried out at 24 mM hydroxylamine, pH 8.3, 20 mV/s. Limiting currents are 
corrected for film loss. Plot is on the same scale as nitrite turnover rotation rate 
dependence for comparison. While there is a slight increase in magnitude of ilim with 
rotation rate, the increase is similar to that observed for nitrite turnover. At this rotation 
rate, these data are interpreted as indicating that substrate diffusion at the electrode only 
makes up a small component of ilim.
one-electron waves than by a model incorporating a pair of two-electron feature 
(Figure 2.5). Additionally, catalytic waves produced at 47 mM hydroxylamine 
appeared similar to those produced at high nitrite concentrations indicating that 
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Figure 2.11. Catalytic current-potential profile for hydroxylamine turnover by 
Shewanella ccNiR. Cyclic voltammograms of Shewanella ccNiR in the presence of 
increasing concentrations of hydroxylamine. Reactions were carried out at 20°C, pH 
~8.3, scan rate 20 mV/s, electrode rotation rate 3000 rpm. Nitrite concentrations are 
listed to the left of each voltammogram. Full scans are shown in the top panel and first 
derivatives of reductive scans of the catalytic waves are shown in bottom panel. The 
dotted line shows Shewanella ccNiR on an electrode in the absence of hydroxylamine.
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these features are also not likely the result of two-electron processes. This 
contrasts with hydroxylamine turnover by E. coli ccNiR, where catalytic waves 
produced at low hydroxylamine concentrations (~1 mM) were well fitted by a 
model incorporating a two-electron feature (Angove et al. 2002). Taken together, 
these data indicate that only one-electron steps are being detected during 
hydroxylamine turnover, under the conditions tested.   
As is clearly seen in Figure 2.11 (top) hysteresis is observed in the catalytic-
current potential profile for hydroxylamine turnover by Shewanella ccNiR at high 
concentrations of substrate, which was not reported for E. coli ccNiR 
hydroxylamine reduction. Interestingly, the hysteresis observed during 
hydroxylamine reduction is markedly different from the hysteresis observed 
during nitrite reduction: during the return scan in the oxidative direction, the 
enzyme appears to be more active than during the reductive scan. This is 
observed in Figure 2.11 as a crossover that occurs between the reductive and 
oxidative scans that occurs immediately after the electrode potential begins to be 
swept back in the oxidative direction. During this time the two scans do not 
appear to be superimposable. The scans cross again at higher potentials, after 
which the oxidative and reductive scans become superimposable. This 
phenomenon is present at scan rates ranging between 0.5 and 30 mV/s. 
Because lowering the scan rate did not appear to improve the reversibility of the 
oxidative and reductive catalytic scans, a scan rate of 20 mV/s was routinely 
used for analyses reported here. It was also found that adding CaCl2 to the cell 
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solution did not improve the reversibility of the oxidative and reductive scans, in 
parallel to the reported insensitivity to Ca2+ concentration for the current-potential 
profile of hydroxylamine reduction by E. coli ccNiR (Angove et al. 2002). 
As in the case of nitrite reduction, plots of limiting current (taken at -550 mV) 
versus hydroxylamine concentration appear to deviate from a simple Michaelis-
Menten model of enzyme kinetics, though without apparent substrate inhibition 
(Figure 2.12). Enzyme activity does not reach a plateau with increasing 
hydroxylamine concentration as rapidly as predicted by simple Michaelis-Menten 
kinetics. Instead, the magnitude of the limiting current continues to steadily 
increase as the hydroxylamine concentration is raised. Ignoring non-hyperbolic 
data and fitting to a simple Michaelis-Menten model thus leads to inaccurate 
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Figure 2.12. Variation in limiting current with hydroxylamine concentration.  Experiment 
carried out at pH 8.3, 20°C, 20 mV/s. Data is fitted with a two site model (Eq 2.2), and 
a simple model for Michaelis-Menten kinetics Limiting current measured at -550 mV.
kinetic parameter estimates (Hutzler and Tracy 2002). The contribution to the 
limiting current at -550 mV due to background reaction of hydroxylamine with 
graphite electrodes was found to be nearly zero at concentrations less than 20 
mM hydroxylamine and approximately 0.2 µA at 60 mM hydroxylamine 
(approximately two orders of magnitude less than the enzymatic process), 
eliminating simple background reaction of substrate with the electrode as an 
explanation the biphasic nature of the kinetic plots (Figure 2.13).  Therefore, in 
order to obtain more accurate kinetics parameters, a modified Michaelis-Menten 
model (Eq. 2.2) was used to account for the non-hyperbolic nature of the 
hydroxylamine kinetic data, which includes a second set of kinetic parameters: 
Fitting to equation 2 yields a KM1 and KM2 values for Shewanella ccNiR 
hydroxylamine reduction to be 0.43 ± 0.1 mM and 10.0 ± 1 mM respectively at 
pH 8.3. Corresponding values kcat1 and kcat2 of 64 ± 14 and 266 ± 57 electrons s-1 
respectively were also determined at this pH. These value are also lower than 
the flux of 4760 electrons s-1 reported by spectrophotometric assays for 
Shewanella ccNiR and is much lower than the value of 31000 electrons s-1 
determined for E. coli ccNiR by PFV (Angove et al. 2002, Bamford et al. 2002, 
Youngblut et al. 2012).  The discrepancies are likely due to the same issues 
addressed above for nitrite turnover. Importantly, the range of the values of KM 
(~0.43 and 10 mM, determined by fitting to a two-site model) reported in this 
chapter are in excellent agreement with the the value of KM (8.3 ± 2.4 mM) 
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v =
Vmax1[S]
KM1 + [S]
+
Vmax2[S]
KM2 + [S]
(2.2)
determined by solution assays for Shewanella ccNiR (Youngblut et al. 2012), 
indicating that the behavior of Shewanella ccNiR adsorbed to an electrode is 
similar to its behavior in solution assays. 
2.4. DISCUSSION 
Here I have presented the first characterization of electrocatalysis by the 
cytochrome c nitrite reductase from Shewanella oneidensis, enabling a 
comparison with the well examined E. coli ccNiR. Overall, the catalytic-current 
potential profile of Shewanella ccNiR appears grossly similar to that of E. coli 
ccNiR. However, upon closer examination, differences between the two enzymes 
are observed that provide new insights about the processes being observed in 
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Figure 2.13. Reactivity of hydroxylamine with PGE electrodes. Experiments were carried 
out at 20°C, 3000 rpm rotation rate, pH 8.3, 20 mV/s, 2 mM CaCl2. Dotted vertical shows 
-550 mV.  (A) Plot of voltammograms for bare electrodes in buffer containing different 
concentrations of hydroxylamine. Red trace shows electrochemical response for a bare 
PGE electrode in hydroxylamine free buffer. Traces for the three hydroxylamine 
concentrations that showed observable current at -550 mV are labeled. All other traces 
are unlabeled and nearly identical to baseline. (B) Magnitude of reductive current 
n o r m a l i z e d t o b a s e l i n e s c a n a t - 5 5 0 m V f o r e a c h h y d r o x y l a m i n e 
concentration.Contribution is essentially zero until hydroxylamine concentration is 
greater than 20 mM. 
catalytic waves produced in PFV studies of ccNiR. In particular, this chapter 
offers evidence that catalysis is likely mediated by a series of one-electron steps, 
that the process responsible for reactivation after the ‘switch’ off at excessive 
overpotentials is relatively slow, and that the individual monomers that make up a 
Shewanella ccNiR homodimer are most likely not acting independent of one 
another during catalysis. 
2.4.1. Overview of the Shewanella ccNiR catalytic ‘fingerprint’. The 
mechanism responsible for the ‘switch’ in ccNiRs (Esw, Figure 2.3) is currently not 
well understood; however several hypotheses have been proposed based on 
PFV studies of E. coli ccNiR (Angove et al. 2002, Burlat et al. 2005, Gwyer et al. 
2005). The general working hypothesis is that the attenuation of activity 
associated with Esw observed at lower potentials is the result of a conformational 
rearrangement driven by the reduction of the lower potential hemes 4 or 5 
(Gwyer et al. 2005). Reduction of one (or both) of these heme centers results in 
uncompensated negative charge, which triggers the inactivation process (Gwyer 
et al. 2005). This hypothesis was supported by the pH dependence of the switch, 
which occurs to a much larger extent at more alkaline pH values for E. coli 
ccNiR, when there are fewer protonated side chains to compensate for the 
increased negative charge. In addition to the loss in activity associated with Esw, 
a further depletion in activity has been observed for the E. coli ccNiR in the form 
of hysteresis (an additional loss of current in the return potential sweeps) under 
some conditions (Angove et al. 2002, Burlat et al. 2005). As noted in Figure 2.6, 
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this is also found for Shewanella ccNiR, though under different conditions. Here 
an attempt is made to combine these observations into a single model for the 
possible basis of deactivation of ccNiR at low potentials, that accounts for both 
the Esw behavior and the observation of hysteresis.  
For Shewanella ccNiR, hysteresis is observed at faster (>10 mV/s) scan 
rates, pH 7-8, and nitrite concentrations above KM, such that a transformation 
reducing activity of the enzyme must occur at the electrode. The reverse, 
reactivation process that would return the enzyme to the more active form upon 
reoxidation is slow, which causes the return oxidative scan to deviate 
substantially from the reductive scan (i.e., hysteresis). When the scan rate is 
sufficiently slow (< 10 mV/s), the enzyme appears to have sufficient time to return 
to the more active form upon reoxidation, and the oxidative and reductive scans 
become superimposable (Figure 2.6).  
In the case of nitrite reduction by E. coli ccNiR, the scan rate dependence of 
hysteresis in E. coli ccNiR appears to behave in a manner opposite to that of 
Shewanella ccNiR; for E. coli ccNiR hysteresis was only observed at scan rates 
slower than 20 mV/s during nitrite reduction, and above these scan rates, the 
oxidative and reductive scans were fully reversible, yet hysteresis is observed for 
the Shewanella ccNiR enzyme (Figure 2.6). Why a difference exists in the 
timescales associated with hysteresis for the two different enzymes is puzzling; 
however, it may be that the process responsible for inactivation in E. coli ccNiR is 
slower than in Shewanella ccNiR.  In such a model, at higher scan rates the 
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inactivating process is out-run and therefore not observed, and would only 
manifest in voltammograms where the scan rate is sufficiently slow (< 1 mV/s). 
However the effect of scanning at very slow scan rates (<1 mV/s) has not been 
reported for E. coli ccNiR. Similarly, here it is not possible to “out-run” the 
hysteresis with the Shewanella ccNiR (as was the case for the E. coli ccNiR) as 
timescales required (> 100 mV/s) interfere with steady-state catalysis. While the 
hysteresis is most visible at nitrite concentrations above KM, the deactivation 
process appears to be synonymous to the process identified by  Esw: i.e., 
hysteresis only seems possible when Esw is observed. It is therefore reasonable 
to assume that the same process governs both the attenuation in activity that 
results in hysteresis, and the attenuation in activity observed at sub-KM nitrite 
concentrations (Esw). Thus, these data support the hypothesis that Esw is 
associated with an inactivating conformational rearrangement that is experienced 
by ccNiR at low potentials, where the reactivation process is slower than 
inactivation. Compared to the E. coli ccNiR, the deactivation rate for Shewanella 
ccNiR must be faster. This type of behavior has been observed in Ni-Fe 
hydrogenases, where large degrees of hysteresis in catalytic waves are the 
result of an inequality between the rates of inactivation and reactivation (Jones et 
al. 2003, Lamle et al. 2004, Leger et al. 2004, Parkin et al. 2006, Pandelia et al. 
2010). 
The current-potential profiles for both nitrite and hydroxylamine reduction by 
Shewanella ccNiR both exhibit two main catalytic features: a high potential 
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feature (Ecat1) and a low potential boost (Ecat2), which is most prominent at higher 
substrate concentrations (Figures 2.3, 2.11). The electron transfer steps 
represented by these features are not currently well understood. It has been 
suggested that the boost must be a change in the rate limiting step as the 
concentration of substrate is raised (Gwyer et al. 2005). An additional possibility 
is that the boost may be the result of a shift in the path of electron flow through 
the enzyme, such as in the case of fumarate reductase (FRD), a multi-centered 
enzyme responsible for catalyzing the reduction of fumarate in the bacterial 
respiratory chain (Sucheta et al. 1992, Armstrong et al. 1997). From analysis of 
the potential at which the boost was centered in FRD, and the shape of the 
waves under different conditions, it was concluded that the two catalytic waves 
are the result of two distinct electronic relays to the active site. 
The substrate dependence of both Ecat1 and Ecat2 suggest that these two 
processes are indeed related to processes occurring at the active site (Figure 
2.14). Whatever the cause of the boost, the data reported in this chapter data 
clearly indicate that this process is distinct from the process responsible for the 
switch during nitrite turnover since the two processes can be observed 
simultaneously (Figure 2.3C). Thus, the switch is not converted into a boost as 
nitrite concentration is raised; these separate phenomena simply can be 
observed under different conditions.  
The data presented here also addresses the hypothesis that hydroxylamine is 
an intermediate along the nitrite reduction pathway (Einsle et al. 2002). The fact 
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that Ecat1 and Ecat2 are observed within the same window of potential for both 
nitrite and hydroxylamine reduction (Figures 2.14) suggests that the detected 
electron transfer steps represented by Ecat1 and Ecat2 represent similar processes. 
This could indicate that hydroxylamine is indeed an intermediate in the nitrite 
reduction pathway. Further characterization of these features is currently 
underway. 
2.4.2. Stoichiometry of detected electron transfer steps.  With E. coli ccNiR, 
turnover of sub-KM concentrations of nitrite and hydroxylamine on an electrode 
are characterized by sharp n = 2 main waves, which were interpreted as being 
the result of electronic coupling between the active site heme and heme 3 
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Figure 2.14. Variation of the position of Ecat1 (squares) and Ecat2 (diamonds) with the 
concentration of nitrite (filled symbols) and hydroxylamine (open symbols).  Data were 
collected at pH 8.3, 20°C, 3000 rpm, 20 mV/s, 2 mM CaCl2. Nitrite concentration is 
plotted on the lower x-axis and hydroxylamine concentration is plotted on the upper x-
axis.
(Angove et al. 2002, Leger and Bertrand 2008). This was also supported by the 
results of EPR potentiometric titrations of E. coli ccNiR, where upon reduction, 
signals at g = 3.5 and 10.8 disappeared without the formation of signals which 
would be expected to arise if the hemes were uncoupled (Angove et al. 2002, 
Bamford et al. 2002).  The titration of the g = 3.5 and 10.8 signals, however, 
could not be fitted to n = 2 Nernstian curves (Bamford et al. 2002). Additionally, 
results of spectroelectrochemical and MCD titrations provided no evidence for an 
n = 2 process in the thermodynamic properties of the enzyme (Marritt et al. 
2008). It is therefore not known why PFV studies of E. coli ccNiR revealed n = 2 
steps but it has been suggested that this is the result of a slow electrochemical 
step occurring immediately after two one-electron steps whose thermodynamics 
are such that they appear as a cooperative process (Leger and Bertrand 2008).  
A longstanding question about the catalytic mechanism of ccNiRs, has been 
the stoichiometry by which electrons are delivered to substrate during catalysis. 
Einsle and coworkers have proposed a mechanism on the basis of 
crystallography and DFT calculations where electrons are delivered to substrate 
in a combination of one- and two-electron steps (Einsle et al. 2002). The data 
presented in this chapter demonstrates that all catalytic waves observed during 
both nitrite and hydroxylamine turnover by Shewanella ccNiR (at low and high 
substrate concentrations) are consistent with one-electron processes under all of 
the conditions tested. The data are also consistent with non-turnover PFV studies 
as well as results from spectroelectrochemistry of Shewanella ccNiR which found 
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no evidence of heme centers being reduced in cooperative two-electron steps 
(Youngblut et al. 2012) — the cooperative two-electron reduction of a pair of 
heme centers would presumably be the mechanism by which electrons could be 
delivered to substrate in coordinated two-electron transfers. The inability to 
detect catalytic features consistent with two-electron processes, combined with 
all other available data, suggests that during catalysis electrons are not delivered 
to substrate in coordinated transfers of two-electrons, and are instead delivered 
in a series of one-electron steps.   
2.4.3. Modest Effect of Ca2+ on shape on the shape of catalytic waves. 
Adding CaCl2 to the electrochemical cell solution during catalytic PFV 
experiments has only a modest effect on the overall shape of catalytic waves 
observed during both nitrite and hydroxylamine turnover by PFV. In catalytic PFV 
experiments involving E. coli ccNiR, it was found that increasing the CaCl2 in the 
reaction mixture from 0 to 0.5 mM significantly improved the reversibility catalytic 
waves, such that the reductive and oxidative scans became more 
superimposable (Angove et al. 2002, Burlat et al. 2005). The origin of the 
sensitivity to CaCl2 has been hypothesized as being the result of an 
exchangeable Ca2+ ion, which binds to one of two structurally conserved Ca2+ 
binding sites within each enzyme monomer, one of which is close to the active 
site heme (Angove et al. 2002, Burlat et al. 2005). While these Ca2+ binding sites 
are present in the recently reported crystal structure of Shewanella ccNiR, the 
presence of either Ca2+ or chelators had no effect on the activity of Shewanella 
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ccNiR in solution assays (Youngblut et al. 2012). The reason for the difference in 
Ca2+ sensitivity between the E. coli and Shewanella enzymes is not currently 
known, but it is clear that including Ca2+ does not significantly affect catalysis in 
the case of Shewanella ccNiR. 
2.4.4. Atypical kinetics during nitrite and hydroxylamine reduction.  Titration of 
Shewanella ccNiR with either nitrite or hydroxylamine, when monitored using 
PFV, yields atypical kinetic profiles (Figure 2.7 and 2.12). In the case of nitrite 
turnover, increasing substrate concentration beyond 1 mM leads to a decrease in 
the activity of Shewanella ccNiR with increasing nitrite concentration. This 
apparent substrate inhibition has not previously been reported for any 
cytochrome c nitrite reductase. Additionally, titrations of Shewanella ccNiR with 
hydroxylamine lead to data that does not reach a constant velocity as rapidly as 
would be expected for simple Michaelis-Menten kinetics.  
Based on the data presented, a simple Michaelis-Menten model of enzyme 
kinetics is insufficient to describe catalysis in Shewanella ccNiR, and possibly 
other ccNiRs. Failure to account for the atypical portion of kinetic plots, by 
truncating the data for example, can lead to incorrect estimates of kinetic values. 
In the case of nitrite turnover for example, previously reported values of KM and 
kcat may actually be a sum of the increasing (normal activity) and decreasing 
(substrate inhibition) components of these values, or differential reactivity of the 
two monomers in a NrfA homodimer (LiCata and Allewell 1997, Lin et al. 2001). 
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Thus, by accounting for these atypical kinetic profiles, more complex models are 
required to provide accurate estimates of Shewanella ccNiR kinetic values. 
There are a number of possible reasons why substrate inhibition is observed 
during nitrite reduction. The data fit reasonably well to a model describing an 
inactive ternary complex that forms upon binding of a second substrate molecule 
to a monomer (Eq 2.1). This is an interesting result, because it suggests that 
Shewanella ccNiR contains a second nitrite binding site in each monomer to 
which it binds very weakly (mM range). An alternative explanation is that there is 
an allosteric interaction responsible for the substrate inhibition.  
In contrast, the hydroxylamine data fits well to a model which incorporates 
two values each for KM and kcat (Eq 2.2).  This suggests that there could be two 
binding sites within each Shewanella ccNiR monomer: one with high activity and 
high affinity, and one with low activity and low affinity. While there is no obvious 
place for the binding of a second molecule of hydroxylamine to the substrate, this 
hypothesis would need to be tested by crystallizing Shewanella ccNiR in the 
presence of high concentrations of substrate. This data could also be explained 
by an interaction between monomers in an Shewanella ccNiR dimer, which leads 
to a form of negative cooperativity. It seems that in the case of Shewanella 
ccNiR, if there were an interaction between monomers, it affects both substrate 
binding as well as enzyme activity. Alternatively, the biphasic Michaelis-Menten 
behavior can be explained by the presence of two distinct enzyme populations 
upon the electrode, capable of catalyzing the same reaction. This is unlikely, 
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given the purity of the enzyme samples used (See Youngblut et al. 2012, Figure 
2) and that if there were multiple conformations of Shewanella ccNiR existing on 
the electrode surface, it seems unlikely that there would be exactly two 
populations, instead of a distribution of differing states.   
Considering the steady-state kinetics observed in Shewanella ccNiR for the 
two substrates, a number of hypotheses can be developed. Because 
hydroxylamine is presumably an intermediate along the nitrite reduction pathway, 
the atypical kinetics of both nitrite and hydroxylamine reduction are likely 
interrelated. One explanation is that there is a second substrate binding site in 
each monomer of Shewanella ccNiR which binds both nitrite and hydroxylamine. 
This substrate binding site has an inhibitory effect when nitrite is bound, but 
increases activity and lowers substrate affinity when hydroxylamine is bound. 
Insight into this possibility could be gained by experiments using both nitrite and 
hydroxylamine as substrates simultaneously, where under certain conditions one 
substrate may be predominately bound to the allosteric site and the reaction of 
the second substrate would be affected. However, this type of experiment is 
challenging, as it would require a way to selectively monitor turnover of just one 
substrate — a task which is difficult with PFV due to the similar reduction 
potentials of ccNiR turnover of nitrite and hydroxylamine.  Alternatively, if the 
kinetic profile during hydroxylamine reduction were the result of an interaction 
between monomers in Shewanella ccNiR via cooperativity, it is tempting to 
propose that this interaction between ccNiR monomers is also responsible for the 
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substrate inhibition kinetics observed during nitrite turnover. If this were the case, 
it is not a second binding site in each monomer that is the result of the inhibition, 
it is instead the two substrate-bound form of the dimer, where one substrate is 
bound to each monomer, that is the inactive form of Shewanella ccNiR. 
Such a structurally-based model is attractive as the two monomers interact 
via an extensive dimer interface made up primarily of long alpha-helices that 
span the length of one side of each monomer (Bamford et al. 2002). In addition, 
heme 5 in each monomer lies very close to this interface, such that the two heme 
5 Fe atoms are located  within 12 Å of each other, suggesting efficient intra-dimer 
electron transfer is possible. This has led to the proposal that the two monomers 
interact with one another electronically, such that electrons can be shuttled 
between the two monomers during catalysis via these closely interacting hemes 
(Einsle et al. 2000, Gwyer et al. 2005, Clarke et al. 2008). Here, this model is 
expanded, by including the possibility that active sites in each monomer in an 
Shewanella ccNiR dimer are not isolated from one another. The precise nature of 
this communication between active sites is not known, but it appears to be a form 
of negative cooperativity, where increasing substrate decreases the affinity of the 
enzyme for that substrate while simultaneously causing a slight increase in 
activity. Why binding of hydroxylamine and nitrite produce different effects - 
biphasic kinetics in the former and substrate inhibition in the latter - is not known. 
However, this difference may be due to different conformations that result from 
the binding of each substrate. 
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2.5. CONCLUSIONS 
Within this chapter a characterization of the cytochrome c nitrite reductase 
from Shewanella oneidensis using protein film voltammetry has been presented. 
Distinct characteristics in its electrochemical fingerprint that set it apart from the 
previously characterized E. coli enzyme have been found. In particular, only one-
electron electron transfer steps were detected during Shewanella ccNiR catalysis 
of nitrite and hydroxylamine which, combined with the absence of coupling 
between heme cofactors, suggest during Shewanella ccNiR turnover electrons 
are delivered to substrate in a series of one-electron transfers. These findings 
suggest that one electron steps during the reduction of nitrite provide a 
thermodynamically favorable reaction sequence, presumably allowing for the 
enzyme to avoid the formation of highly reactive intermediates with high 
thermodynamic barriers, information that could prove to be useful in the 
development of multi-electron catalysts.  
Additionally, it was found that the reactivation step that occurs after the switch 
is quite slow. Despite the differences between the Shewanella ccNiR and E. coli 
ccNiR enzymes reported in this chapter, it was been found that the current-
potentials profile for both nitrite and hydroxylamine turnover by these enzymes 
are globally similar. This suggests that catalysis in both the Shewanella ccNiR 
and E. coli ccNiR enzymes, and possibly other ccNiRs, are likely governed by 
similar rate-defining events, as suggested previously by Butt and colleagues 
(Angove et al. 2002). Importantly, evidence of substrate inhibition during nitrite 
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turnover, as well as biphasic kinetics during hydroxylamine turnover have been 
presented. The mechanism for these atypical kinetics is not known; however 
these results suggest the possibility of an interaction between monomers that 
make up a functional Shewanella ccNiR. 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CHAPTER 3 
INVESTIGATION OF PROTON-COUPLED REDOX EVENTS IN THE MULTI-
HEME ENZYME CYTOCHROME C NITRITE REDUCTASE USING PROTEIN 
ELECTROCHEMISTRY† 
†This work was adapted with permission from: 
Judd, E. T., Stein, N., Pacheco, A. A., & Elliott, S. J. (2014). Hydrogen 
Bonding Networks Tune Proton-Coupled Redox Steps during the Enzymatic Six-
Electron Conversion of Nitrite to Ammonia. Biochemistry, 53(35), 5638-5646. 
©2014 American Chemical Society 
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3.1. INTRODUCTION 
Multi-electron multi-proton reactions are at the core of many chemical 
reactions important in biology, as well as nearly every reaction important in 
energy conversion (Crane et al. 1997, Gagliardi et al. 2010). These reactions 
present a number of challenges including the achievement of the complete 
reaction of substrate without the release of reactive intermediates, avoiding the 
requirement of physiologically inaccessible reduction potentials, and ensuring the 
reaction proceeds across a relatively narrow window of potential.   
One strategy employed by Nature to overcome the challenges inherent to 
multi-electron multi-proton chemistry is the use of proton coupled electron 
transfer (PCET) (Hammarstrom and Styring 2008, Reece and Nocera 2009, 
Gagliardi et al. 2010, Weinberg et al. 2012). The coupled transfer of a proton and 
an electron is encountered in many biological systems and these PCET 
processes have been well studied over the past several decades (Huynh and 
Meyer 2007, Weinberg et al. 2012). Many of these studies have focused on the 
role of PCET in transferring radical intermediates long range (Stubbe et al. 2003, 
Chang et al. 2004, Reece et al. 2006), in water oxidation (Cukier 2004, Meyer et 
al. 2007, Umena et al. 2011), and the generation of proton gradients (Belevich et 
al. 2006, Kaila et al. 2010, Weinberg et al. 2012). Studies focused on how PCET 
processes are governed during the transfer of multiple electrons and protons to a 
single substrate by an enzyme during catalysis are therefore of considerable 
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importance to developing a better understanding these complex biological 
processes.   
Chapters 1 and 2 introduced cytochrome c nitrite reductase (ccNiR). The 
ccNiR enzyme catalyzes the remarkable six-electron seven-proton reduction of 
nitrite to ammonia, the second step in the conversion of nitrate to ammonia 
(Einsle et al. 2002, Simon 2002). The enzyme has also been shown to perform 
the two-electron reduction of hydroxylamine and the five-electron reduction of 
nitric oxide (Kajie and Anraku 1986, Stach et al. 2000). Its ability to carry out such 
complex reactions at relatively high turnover numbers without the release of 
intermediates makes it a particularly interesting model for multi-electron multi-
proton reactions.  
The Shewanella oneidensis ccNiR enzyme is a homodimer, containing five c-
type hemes per protomer (Youngblut et al. 2012). The active site of ccNiR is 
populated by a set of strongly conserved amino acid residues (Tyr206, His257, 
Arg103) which are presumably involved in catalysis (Figure 3.1).    
While a catalytic cycle has been proposed (Einsle et al. 2002, Bykov and 
Neese 2011, Bykov and Neese 2012, Bykov et al. 2014) (Scheme 3.1), there 
have been few studies providing direct experimental evidence of the nature of the 
ET and proton-coupled steps occurring during conversion of nitrite to ammonia. 
In chapter 2, it was shown that the reaction is likely carried out in a series of one-
electron transformations (Judd et al. 2012, Youngblut et al. 2012). Still lacking, 
are experimental data describing the nature of proton-delivery steps occurring 
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during catalysis in ccNiR. Computational studies using DFT have focused on 
PCET during ccNiR catalysis, and offer a great deal of insight into the possible 
roles of the Tyr206, His257, and Arg103 active-site amino acid residues (Bykov 
and Neese 2011, Bykov and Neese 2012, Bykov et al. 2014). There have been 
only limited studies probing the role of the active site residues in catalysis by 
ccNiR directly, a deficiency remedied by the work presented here. 
Various ccNiR enzymes have been studied using protein film voltammetry 
(PFV) (Angove et al. 2002, Gwyer et al. 2005, Almeida et al. 2007, Judd et al. 
2012), revealing distinct electrochemical fingerprints characterized by 
attenuations (‘switches’) and enhancements (‘boosts’) in activity depending of the 
concentration of nitrite present. In this chapter PFV is used to further our 
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Figure 3.1. Architecture of the ccNiR active site. (A) Active site of Shewanella 
oneidensis cytochrome c nitrite reductase.(11) (B) Active site of nitrite-bound Wolinella 
succinogenes ccNiR showing hydrogen bonding network.(9) Key active site residues 
are colored in green. Residues are in S. oneidensis ccNiR numbering. Images 
generated in PyMol from PDB = 3UBR and 2E80.
understanding of the mechanism by which ccNiR carries out the six-electron 
reduction of nitrite to ammonia, by coupling site-directed mutagenesis to variable 
pH experiments, to directly probe the roles of individual active site residues in 
PCET processes.  
These findings expand our understanding of how proton-coupling to ET can 
be controlled within multi-electron redox enzymes. It is found that ccNiR nitrite 
electrocatalysis can be described as being governed by two components – a 
one-electron feature that is pH independent, and a one-electron feature that is 
coupled to a single protonation event – providing insight into the catalytic 
mechanism of this enzyme. Surprisingly, it is also shown that mutation of 
individual resides within the active site alter the nature of proton-coupling, but do 
not inhibit the ability of ccNiR to complete its reduction of nitrite to ammonia. This 
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Scheme 3.1. Proposed reaction scheme for the six-electron seven-proton reduction of 
nitrite to ammonia by ccNiR.
Proposed radical intermediates indicated with an asterisk. Residues predicted to be 
involved in steps are indicated. Adapted from Einsle et al 2002.
indicates that the rates and pKas of proton-coupled steps are tightly governed by 
the residues within the active site, likely through an extensive hydrogen-bonding 
network, yet these residues do not necessarily direct the progression of the 
catalytic reduction of substrate to product.  
3.2. MATERIALS AND METHODS 
3.2.1. Enzyme expression and purification – Shewanella oneidensis TSP-C 
transformed with a TEV cleavable 10xHistidine-tag (C-terminal) in PHSG298 
(Youngblut et al. 2012) was grown in 1L 2xYT media at 30°C for 24 hours. Cells 
were pelleted by centrifugation at 6000g for 12 min and the cells were 
resuspended in 20 mM HEPES, 500 mM NaCl pH 8 with 0.1 mM PMSF. Cells 
were lysed by sonication using 10x10 second bursts. Lysate was clarified by 
centrifugation at 18000g for 25 min. Clarified lysate was then loaded onto Ni-6-
Sepharose Resin (GE Healthcare) equilibrated with 20 mM HEPES, 500 mM 
NaCl, 20 mM Imidazole, pH 8. Bound protein was eluted with 20 mM HEPES, 
500 mM NaCl, 300 mM imidazole.  
The His-tag was then removed by digestion overnight with recombinant TEV 
protease in 50 mM HEPES, 500 mM NaCl, 1 mM DTT, 0.5 mM EDTA, pH 8. The 
digested enzyme sample was then dialyzed into 20 mM HEPES, 500 mM NaCl, 
20 mM imidazole pH 8. The sample was then loaded onto Ni-6-sepharose resin 
and the tag-less flow though was collected. Cleavage of tag was usually >80% 
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efficient. The enzyme was then concentrated, buffer exchanged into 20 mM 
HEPES, 200 mM NaCl, pH 8, glycerol was added to 10%, and samples were 
stored at –80°C. These preparations typically yielded 1 mg/L cell culture, and 
were >95% pure as judged by SDS-PAGE. Wild-type ccNiR used in pH 
dependence experiments was purified by Matthew Youngblut according to 
Youngblut et al 2012. 
3.2.2. Construction of site-directed mutants – Active site variants were 
constructed using an Agilent QuikChange Lightning kit with DNA primers listed in 
Table 3.1. All mutations were verified by sequencing. 
3.2.3. Protein Film Voltammetry – Protein film voltammetry experiments were 
carried out as previously described (Judd et al. 2012, Youngblut et al. 2012). 
Briefly, small volumes of ccNiR were deposited onto pyrolytic graphite edge 
electrodes, the electrode was rinsed, and was then immersed in the 
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Table 3.1 – Primers used for site-directed mutagenesis of ccNiR.
Forward Reverse
Y206F 5’-GTGCGCAGTGCCATGTTGAAT 
TCTACTTTGAAAAGAAAG
5’-CTTTCTTTTCAAAGTAGAATT 
CAACATGGCACTGCGCAC
R103Q 5’-CGATGTTCGTAATACCCTACA 
GACCGGCGCACCCAAAA
5’-TTTTGGGTGCGCCGGTCTGTA 
GGGTATTACGAACATCG
H257Q 5’-CAATGCTTAAAGCACAGCAGC 
CTGAATACGAGACCTG
5’-CAGGTCTCGTATTCAGGCTGC 
TGTGCTTTAAGCATTG
R103K 5’-TGACCGATGTTCGTAATACCC 
TAAAGACCGGCGCACCC
5’-GGGTGCGCCGGTCTTTAGGGT 
ATTACGAACATCGGTCA
electrochemical cell solution which consisted of a mixed buffer system of 5 mM 
sodium acetate, 5 mM CAPS, 6 mM CHES, 5 mM MOPS, 5 mM MES, and 4 mM 
TAPS, 100 mM NaCl, 2 mM CaCl2, which allowed buffering over a wide range of 
pH values. All PFV experiments were carried out in an MBraun Labmaster inert 
chamber to avoid background contribution of oxygen reduction at the graphite 
electrode.  
Steady-state kinetic analysis was performed on WT, Y206F, R103K, and 
R103Q variants by recording cyclic voltammograms of ccNiR at different nitrite 
concentrations and measuring the current magnitude (i.e., catalytic rate) at –550 
mV.  
Variable pH experiments were performed by changing the pH of a master 
solution of buffer using HCl or NaOH, taking small aliquots at a given pH, purging 
the buffer with argon, then bringing into the inert chamber. Once a ccNiR film was 
generated, the pH of the cell solution was changed by simply replacing the 
existing buffer with buffer at the new pH value and adding the desired 
concentration of nitrite. After each experiment, the cell solution was saved, and 
the pH recorded again to ensure the pH of the cell solution did not change during 
the electrocatalysis experiment.  
3.2.4. H257Q Specific Activity Experiments – Specific activity of H257Q ccNiR 
was measured by following the oxidation of reduced methyl viologen at 600 nm (ε 
= 13,700 M-1cm-1) in 20 mM HEPES, 100 mM NaCl, pH 7, 20°C. Reactions were 
carried out in anaerobic vials and purged with argon to remove oxygen. 
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Reactions were initiated by addition of 1 mM sodium nitrite. All reported values 
were corrected for non-enzymatic background reoxidation of methyl viologen. 
3.2.5. Quantification of reducing equivalent consumption and ammonia 
production – Determination of moles of methyl viologen consumed per moles of 
ammonia produced were carried out using a two-part assay. Ammonia detection 
was performed according to a modified protocol from Chaney and Marbach 
(Chaney and Marbach 1962, Weatherburn 1967). Reagent 1 contained 0.625 g 
NaOH, 200 µL sodium hypochlorite (commercial bleach, 5.84% available 
chlorine) in 25 mL deionized water. Reagent 2 contained 1.25 g phenol, 0.00625 
g sodium nitroferricyanide, in 25 mL deionized water.  
Assays were carried out in 20 mM HEPES, 100 mM NaCl, pH 7 at room 
temperature. Gas tight syringes were used for manipulation of all solutions. 
Enzyme and reduced methyl viologen (500 µM final) were added to a stoppered 
cuvette containing buffer that had been purged with argon. Recording of 
absorbance at 600 nm was initiated, and a baseline was recorded for ~30s. The 
reaction was initiated with 1 mM sodium nitrite and A600 was recorded until all 
methyl viologen was oxidized (A600 = 0).  
Next, 400 µL of the reacted solution was mixed with 400 µL of each ammonia 
detection reagents 1 and 2. The mixture was incubated at 37°C for 15 min the 
absorbance was measured at 625 nm. Concentration of ammonia was then 
calculated using a standard curve prepared with ammonium chloride. Final 
values for moles methyl viologen consumed per moles ammonia produced were 
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corrected for background levels of ammonia in reagents (using oxidized methyl 
viologen) and background non-enzymatic reoxidation of methyl viologen. 
3.3. RESULTS 
3.3.1. WT and mutant ccNiR Kinetics – To assess the importance of proton 
delivery upon catalysis, PFV was used to determine kinetic values for WT and 
mutant ccNiR by following the limiting current (ilim) at –550 mV with increasing 
nitrite concentration (Table 3.2). For WT enzyme, steady-state kinetic data for 
nitrite turnover fit well to a substrate inhibition model as was determined 
previously in PFV studies using the Shewanella ccNiR purified from a high yield 
expression system (Judd et al. 2012, Youngblut et al. 2012). The physical basis 
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KM (µM) kcat (e- • s-1) kcat (% WT) KI (mM) mol MV/
mol NH4+
WT 100 ± 15 150 ± 20 100 11 5.0 ± 1.0
H257Q ND ND 0.8‡ ND 6.4 ± 0.6
Y206F 35 ± 15 9 ± 3 6.0 N/A 5.5 ± 0.1
R103Q 910 ± 130 82 ± 9 55 N/A 6.3 ± 0.5
R103K 340 ± 50 20 ± 5 13 N/A 6.0 ± 0.6
All kinetic parameters were determined by PFV as described in the Materials and 
Methods Section with the exception of H257Q. ‡Due to low activity, H257Q percent 
activity was measured in solution at 1 mM nitrite, pH 7, 20°C and compared to WT 
ccNiR, also measured in solution, under the same conditions. PFV carried out at pH 7, 
20 mV/s, 3000 rpm rotation rate 
Table 3.2. Kinetic values of WT and mutant ccNiR.
of the apparent substrate inhibition is still not well understood but may reflect the 
presence of asymmetry between protomers within the ccNiR dimer, (see Chapter 
2) (Judd et al. 2012). For all other mutants, kinetic data fit best to a simple 
Michaelis-Menten model of enzyme kinetics, where the apparent substrate 
inhibition is lost. 
Y206F ccNiR was approximately 17-fold less active than WT with a 3-fold 
smaller KM. R103Q ccNiR was approximately 2-fold less active than WT ccNiR, 
but had a 9-fold larger KM. For this reason, the R103K variant was constructed to 
investigate the possibility that a lost charge-based stabilization was responsible 
for the increased KM in the R103Q variant. It was found that R103K ccNiR had a 
KM closer to that of WT, but with lowered activity. 
The activity of H257Q was found to be too low to measure using PFV, so 
using a standard solution assay with 1 mM nitrite, activity was found to be 
reduced by approximately 150-fold compared to WT ccNiR activity measured in 
solution under the same conditions (Table 3.2). (Because of the very low activity, 
catalytic PFV could not be used to further characterize the H257Q variant). 
 3.3.2. WT Catalytic Current-Potential Profile – As found previously, examining 
a range of nitrite concentration that spans the KM value, at pH 7, WT ccNiR 
displays the same observation of a preliminary onset of catalysis (centered at 
Ecat1) a secondary depletion of activity (Esw), and a secondary increase of activity 
(centered at Ecat2) as the concentration of nitrite becomes sufficiently large 
(Figure 3.2) (Judd et al. 2012). The potential of Ecat1 is dependent on the 
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concentration of nitrite and varies from –200 mV to –250 mV across the 
concentrations of nitrite tested (Figure 3.2A, inset). The ‘boost’ feature, Ecat2, 
appears at –365 mV at the highest concentration of nitrite under these 
conditions. 
The relative contribution of both catalytic features to the overall waveform is 
dependent on pH (Figure 3.3). At pH 7 and 500 µM nitrite (>KM), both features 
are present, but the Ecat2 feature is only visible as a low potential shoulder at the 
highest nitrite concentrations. This feature becomes much more prominent at 
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 Figure 3.2. Current-potential profiles of (A) wild-type ccNiR, (B) Y206F, (C) R103K and 
(D) R103Q mutants. All experiments were performed at pH 7, 20 mV/s, 20°C, with an 
electrode rotation rate of 3000 rpm. Top panels show overlay of raw cyclic-
voltammograms recorded at increasing nitrite concentrations. Dotted cyclic 
voltammograms show ccNiR films recorded in the absence of nitrite. Bottom panels 
show the first derivative of the baseline-subtracted reductive scans of the 
voltammograms. Insets show a plot of the Ecat values versus nitrite concentration fit to 
Eq 3. Substrate concentrations were 16 µM – 473 µM for WT, 2 µM – 120 µM for 
Y206F, 16 µM – 1.9 mM for R103K, and 76 µM – 8.4 mM for R103Q. 
higher pH values, and at pH >8, the Ecat2 feature dominates waveforms produced 
at high nitrite concentrations. At lower pH values and at high nitrite 
concentrations, the waveform is dominated by Ecat1, and Ecat2 is barely visible. At 
pH <5.5 no boost is observed at low nitrite concentrations. 
3.3.3. Y206F Catalytic Current-Potential Profile – Mutation of Y206 to a 
phenylalanine drastically alters the catalytic current-potential profile during nitrite 
turnover (Figure 3.2B). Y206F ccNiR current-potential profiles are characterized 
by the presence of two catalytic features, which are easily resolved from one 
another across all nitrite concentrations at pH 7. No ‘switch’ feature is observed 
under any of the conditions tested. At sub-KM nitrite concentrations, the catalytic 
wave is dominated by a single feature Ecat1, which is nearly indistinguishable 
from the non-turnover signal due to the low activity of this mutant. Only a very 
small boost in activity centered at Ecat2 is observed under these conditions. As 
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Figure 3.3. Dependence of ccNiR catalytic waveform on pH. All scans were recorded at 
500 µM nitrite, 20 mV/s, 20°C, with an electrode rotation rate of 3000 rpm. Top panels 
show raw voltammograms. Bottom panels show the first derivative of the baseline-
subtracted reductive scan. Cell solution pH shown in top left of each panel. 
the nitrite concentration is increased, Ecat2 begins to dominate the waveform. At 
saturating nitrite concentrations Ecat1 is visible only as a high-potential shoulder in 
the first derivative of the catalytic waveform.  
The positions of both catalytic features shift with increasing nitrite 
concentration, with Ecat1 and Ecat2  spanning a potential range of –230 to –270 
mV, and –355 to –400 mV respectively (Figure 3.2B, inset). 
Like wild-type ccNiR, the relative contributions of each of the catalytic 
features to the overall waveform varies with pH. In Y206F ccNiR however, this 
dependence is distinct from WT (Figure 3.4.). The low potential feature 
dominates the catalytic waveform across a wide pH range of 5-9, contrary to 
what is observed for WT enzyme (Figure 3.3). Under the conditions tested, Ecat1 
is barely detectable at most pH values. Only above pH 9, when the overall 
enzymatic activity of Y206F is very low, does the high potential (Ecat1) feature 
appear to be approximately the same size as the low potential feature.  
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Figure 3.4. Dependence of Y206F ccNiR catalytic waveform on pH. All scans were 
recorded at 500 µM nitrite, 20 mV/s, 20°C, with an electrode rotation rate of 3000 
rpm. Top panels show raw voltammograms. Bottom panels show the first derivative of 
baseline-subtracted reductive scans.
3.3.4. R103K Catalytic Current Potential Profile – The R103K variant also 
causes a distinct change in the catalytic current-profile of (Figure 3.2C). Only a 
single catalytic feature is present across all concentrations of nitrite (i.e., there is 
no ‘boost’), yet distinct switch behavior (attenuations in activity at ~ -350 mV) is 
present at nitrite concentrations up to KM for R103K.  Also, the position of the 
primarily catalytic feature shifts to more negative potentials as the concentration 
of nitrite is increased and spans a range of –235 mV to –310 mV (Figure 3.2C, 
inset).  
3.3.5. R103Q Catalytic Current-Potential Profile – Mutation of R103 to a 
glutamine residue also causes a significant change to the overall catalytic 
waveforms observed during turnover of ccNiR (Figure 3.2D). Like R103K, a 
single catalytic feature is observed across the entire range of nitrite 
concentrations tested. Yet, in contrast to R103K, at pH 7 no ‘switch’ feature is 
observed, nor is an attenuation in activity ever observed. As with WT ccNiR, the 
catalytic feature observed during R103Q ccNiR turnover becomes more negative 
with increasing substrate, and covers a potential range of –210 mV to –300 mV 
(Figure 3.2D, inset), contained within the potential ranges of the Ecat1 and Ecat2 
observed during WT nitrite turnover. 
3.3.6. pH Dependence of WT ccNiR nitrite turnover – Variable pH 
experiments reveal that the position of the lower potential catalytic feature 
associated with nitrite reduction, Ecat2, shifts with pH, while the position of the 
high potential feature Ecat1 is pH invariant over a wide range of pH values (Figure 
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3.5A). The position of Ecat2 is pH independent at pH values less than ~6.5 and 
greater than ~9. In the 6.5-9 pH range the position of Ecat2 becomes more 
negative as the pH of the electrochemical cell solution is raised. Measuring the 
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Figure 3.5. pH dependence of catalytic features during WT  and mutant ccNiR nitrite 
turnover. (A) Plot of Ecat1 (empty circles) and Ecat2 (solid diamonds) for WT ccNiR. (B) 
Plots of Ecat2 values for WT (solid diamonds), Y206F (empty squares), R103Q (solid 
squares) and R103K (solid triangles). Experiments were carried out at 500 µM nitrite, 
20°C, 20 mV/s, with an electrode rotation rate of 3000 rpm. Ecat2 data for WT, R103Q, 
and R103K are fit to Eq (3.1), Y206F Ecat2 data are fit to Eq (3.2).
position of Ecat values at the pH extremes is made difficult by the lower activity of 
ccNiR in these pH regions. Additionally, at more acidic pH values, measurement 
of the position of Ecat2 is further complicated because this feature overlaps 
significantly with Ecat1, making the two features difficult to resolve. 
The pH dependence of Ecat2 for WT ccNiR can be readily fit to a model of 
proton-coupled electron transfer, where a one-electron process is coupled to a 
single protonation event (Equation 3.1), where the fitted parameters are 
summarized in Table 3.3. 
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Figure 3.6. Y206F ccNiR pH dependence of catalytic features during nitrite turnover. 
Empty triangles show Ecat1 data, empty squares show Ecat2 data. Ecat2 data is fit to Eq 
3.1 (Black) and Eq 3.2 (Red). Experiments conducted at 20 mV/s, 3000 rpm electrode 
rotation rate, 500 µM nitrite, 20°C.
3.3.7. pH-Dependence of Y206F ccNiR – Like WT, the high potential catalytic 
feature (Ecat) observed during Y206F electrocatalysis is pH invariant across a 
wide range of pH (Figure 3.6). The pH profile of Ecat2 is distinct (Figure 3.5B) and 
is not well-described by Eq 1 (Figure 3.6). The pH dependence of Ecat2 is 
composed of two distinct regions: between pH 6 and 8 the Ecat value changes 
with pH with a slope of –59 mV/pH unit, consistent with a one-electron one-
proton process. At pH values between 5 and 6, Ecat shifts with a slope of -118 
mV/ pH unit, consistent with a one-electron two-proton process. This data can be 
described by a model that accounts for an additional protonation event (Equation 
3.2 (Zu et al. 2001): 
!           (3.2) 
Using this model, it is assumed that pKox1 = pKox2, due to the absence of an 
additional detectible one-electron one-proton region below pH 5. While it is 
possible that the two pKox values may be slightly different from one another, this 
cannot be reliably determined from the data reported in this chapter. Based on 
the results of the fit, the pKred and pKox values associated with the –59 mV/pH 
unit region (pKox2 and pKred2) are shifted toward the acidic direction compared to 
wild-type (Table 3.3).  
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3.3.8. pH Dependence of R103Q ccNiR – The pH dependence of the single 
catalytic feature observed during R103Q nitrite turnover is well-described by Eq 1 
(Figure 3.5B). Despite the one electron one-proton stoichiometry for the 
observed PCET process, the pH dependence of R103Q is distinct from WT 
ccNiR. Most notably, the value of Ecat at the acidic limit (Eacid) is shifted by 
approximately 100 mV relative to WT (Table 3.3). This difference could not be 
accounted for by the larger KM exhibited by R103Q, since repeating the pH 
dependence experiment in the presence of approximately saturating (3 mM) 
nitrite only decreases the difference in Eacid between R103Q and WT to 
approximately 90 mV (Figure 3.7). 
The pKox values for R103K are shifted in the alkaline direction by 
approximately half a pH unit (Table 3.3). It is not clear from these data where the 
pH invariant region at the alkaline limit begins because the low activity of R103Q 
 86
Eacid 
(mV)
pKox1 pKred1 pKox2 pKred2
WT –324 7.0 8.5 NA NA
Y206F –246 5.1 5.7 5.1 7.4
R103Q –220 7.6 ≥ 8.4§ NA NA
R103K ≤ –209 ≤ 4.7 6.2 NA NA
Table 3.3. Fitted parameters from fitting pH dependence data.
§ This value is estimated due to low activity at the alkaline limit.
ccNiR at pH >9 precludes measurement of an Ecat value. Therefore the reported 
pKa values are taken to be estimates. 
3.3.9. pH Dependence of R103K ccNiR – While the pH dependence of the 
single catalytic feature observed during R103K electrocatalysis is well-described 
by Eq (1), the data are distinct from WT, Y206F, and R103Q ccNiR, such that the 
Ecat feature is pH invariant between pH ~7 and 9 (Figure 3.5B). This corresponds 
to a shift in pKa values of nearly two pH units. A pH invariant acidic region could 
not be detected and can therefore only be estimated (Table 3.3). Based on the 
estimates reported in this chapter, the Eacid value for R103K has shifted to more 
positive potentials by at least 100 mV.  
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Figure 3.7. R103Q pH dependence data at 3 mM nitrite (solid diamonds) overlaid with 
WT Ecat2 data (empty circles) and R103Q data at 500 µM nitrite (filled circles). 
Experiments were conducted at 20 mV/s, 20°C, 3000 rpm electrode rotation rate. 
Fitted parameters for R103Q at 3 mM nitrite: Eacid = –246 mV, pKox = 7.06, pKred = 8.13.
3.3.10. Substrate dependence of WT and variant ccNiR Ecat values – The 
positions of all detected catalytic features were dependent on the concentration 
of substrate (Figure 3.2, inset), and could be described by Eq (3.3) (Leger et al. 
2001): 
'  (3.3) 
At pH 7 the Ecat2 feature is not well defined for WT ccNiR (Figure 3.2). 
However, at pH 8.3, this feature is better separated from Ecat1, and the substrate 
dependence of both features is apparent (Figure 3.8.).  
3.3.11. Ammonia production by WT and variant ccNiR – Quantification of 
moles of reducing equivalents consumed per moles ammonia produced was 
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Figure 3.8. Dependence of Ecat1 and Ecat2 for WT ccNiR on the concentration of nitrite 
at pH 8.3. Data is from Chapter 2 and is fit to Eq 3.3.
performed on wild-type ccNiR and variants. Within error, all variants produced the 
expected one ammonia for every six reducing equivalents consumed strongly 
indicating that all tested ccNiR variants are competent to carry out the six-
electron reduction of nitrite to ammonia, regardless of the overall kcat (Table 3.2). 
3.4. DISCUSSION 
PCET is a feature of numerous enzymes involved in a wide variety of different 
chemical processes and plays an especially important role in multi-electron multi-
proton reactions. In this chapter, PFV was used to directly probe proton-coupling 
that occurs during the six-electron seven-proton reduction of nitrite to ammonia, 
and show that PFV can describe multiple contributions to catalysis, some of 
which are proton dependent while others are not.  
  Cytochrome c nitrite reductase has been a model for understanding multi-
electron multi-proton catalysis for well over a decade (Einsle et al. 2002). 
However until the present work, few details of the roles of individual amino acid 
residues within the active site, or how proton-coupled steps that occur during the 
rate-limiting step of ccNiR catalysis are controlled have been presented. This 
work offers a first look at the roles of the individual active site amino acids in 
governing activity, electrochemical properties, proton-coupled redox steps, and 
competence to carry out the full reduction of nitrite to ammonia. Importantly, it 
was found that while individual amino acids are responsible for tuning the 
properties of the active site, no single amino acid is responsible for gating proton 
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delivery and allowing the enzyme to carry out the full reduction of nitrite to 
ammonia. 
3.4.1. Active site mutations alter rate limiting steps of catalysis in ccNiR – To 
date, all ccNiRs studied by protein film voltammetry exhibit a similar current-
potential profile, characterized by attenuations and ‘boosts’ in activity which 
depend on the concentration of substrate present and the applied potential 
(Angove et al. 2002, Judd et al. 2012). The physical basis of either phase of 
electrocatalysis is still not well-defined, although the relative dominance of one 
component of current likely represents a shift in rate-limiting steps of catalysis, in 
a fashion that depends upon the applied potential (Léger and Bertrand 2008). 
One inference drawn from this model historically, is that Ecat2 may be due to a 
secondary redox process that accelerates the rate of catalysis, such as an 
alternative relay to the active site heme (Heering et al. 1997, Heering et al. 
1998). However, the substrate dependence of both Ecat1 and Ecat2 strongly 
suggests that these features are the result of processes occurring at the active 
site (Figure 3.2, Supplementary Figure 3.5), and suggest redox steps occurring 
during the conversion of nitrite to ammonia. Therefore Ecat1 and Ecat2 are 
interpreted as indicating rate-limiting steps of catalysis that involve chemistry 
occurring at the active site.   
Using site-directed mutagenesis the appearance of the phases that comprise 
a catalytic wave can be altered (Figure 3.2). The Y206F, R103Q, and R103K 
variants all exhibit significantly altered current potential profiles compared to the 
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wild-type enzyme under the same conditions. Given that all of these mutations 
are at the active site of ccNiR, the altered profiles provide further evidence that 
the detected electron transfer steps are occurring at the active site.  
Like WT ccNiR, the Y206F variant displays multiple phases within its catalytic 
signals; however, these phases are altered. In terms of potential, the Ecat1 and 
Ecat2 features for Y206F are far more distinct from one another at pH 7 compared 
to WT, which are interpreted to be the result of the altered proton-coupling (see 
below). 
Surprisingly, changing R103 to a glutamine or a lysine has different effects on 
the current-potential profile of ccNiR, differentially altering the detected phases of 
catalysis (Figure 3.2). In the case of both variants, the current potential profile 
consists of a single catalytic feature, contrary to WT ccNiR. R103K still exhibits 
the ‘switch’ behavior, but in R103Q only a single feature is observed. The position 
of this feature lies between Ecat1 and Ecat2 potentials observed in WT ccNiR.  
Importantly, neither R103Q or Y206F exhibits the ‘switch’ behavior, while 
R103K does (at concentrations of nitrite up to KM). The switch feature has been 
hypothesized to be the result of uncompensated negative charge at the bis-His 
ligated hemes which has been supported by the apparent increase in the 
prominence of the switch with increased pH, since at higher pH there are fewer 
protons present to counteract this buildup of negative charge (Gwyer et al. 2005). 
However the modulation of the presence of the switch by altering active site 
residues suggests the process responsible for the switch behavior occurs at or 
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near the active site, rather than at hemes distant from the active site that are 
involved in relaying ET reactions solely. 
3.4.2. Catalysis is governed by one-electron, and one-electron:one-proton, 
events – Previous electrocatalytic analysis of S. oneidensis ccNiR indicated that 
the nature of the rate determining step for nitrite reduction at pH 8.3 varied with 
applied potential, and likely involved transfer of a single electron (Judd et al. 
2012). The current data add to these findings by confirming that at least one ET 
event (i.e., Ecat2) has one-electron one-proton stoichiometry, and all detected ET 
events are consistent with n=1 processes (Table 3.4). The presence of a proton-
coupled redox event during nitrite catalysis is clearly demonstrated by the pH 
dependence of the Ecat2 feature at saturating nitrite concentrations, which fits well 
to a one-electron one-proton model (Figure 3.5).  
The findings reported in this chapter also reveal that during onset of catalysis, 
the rate of the conversion of nitrite to ammonia is governed by an electron 
 92
Sub KM NO2- Saturating NO2-
Ecat (mV) Esw (mV) Ecat1 (mV) Ecat2 (mV)
WT 113 ± 5 89.4 ± 6.2 105 ± 2 164 ± 11
Y206F ND ND ND 152 ± 14
R103Q 111 ± 7 NA — 147 ± 3
R103K 111 ± 6 77 ± 8 — 122 ± 2
Table 3.4. Half-height widths of features in the reductive half-scans of WT and variant 
ccNiR catalytic voltammograms.
transfer event that is not proton coupled (Ecat1). This suggests that within the 
catalytic mechanism, there exists both proton-coupled redox steps and an ET 
step that is not coupled to a protonation. The presence of both proton-coupled 
(Ecat2) and proton-independent (Ecat1) electron transfer events suggests that 
within the ccNiR catalytic mechanism, not all ET steps necessitate a coupled 
proton transfer. 
3.4.3. Active site residues impact proton-coupled redox chemistry in 
electrocatalysis – These data largely confirm the hypothesized involvement of the 
His257, Arg103 and Tyr206 residues in proton-coupled redox chemistry, as 
described by recent computational studies (Einsle et al. 2002, Bykov and Neese 
2011, Bykov and Neese 2012, Bykov et al. 2014). For example, computational 
evidence suggests Tyr206 acts as a proton donor during catalysis, possibly 
during the final step in the six-electron reduction (Bykov et al. 2014), and Tyr206 
has been shown to be important for activity Wolinella ccNiR (Lukat et al. 2008). 
Here, the altered proton dependence of Y206F confirms that this residue does 
play a role in PCET during conversion of nitrite to ammonia (Figure 3.5B). First, 
the similarity between the current-potential profiles for Y206F and WT where Ecat1 
is pH independent and Ecat2 is pH dependent strongly suggest that the same 
processes are observed in each case. The pH dependence profile for the Y206F 
variant consists of two regions, an alkaline and acidic region. The alkaline region 
of pH dependence has a slope consistent with a one-electron/one-proton process 
with pKas shifted in the acidic direction relative to WT ccNiR. The pH dependence 
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region between pH 6 and 8 has a slope of approximately –59 mV, which is 
consistent with a one-proton/one-electron process. This pH-dependent region is 
interpreted as being the same process that is observed during WT turnover for 
Ecat2, although the pKas are apparently altered by the absence of the terminal 
hydroxyl group of the tyrosine residue. The pH dependence region from pH 5 to 6 
appears to be a proton-coupled redox process that in WT is outside the 
physiological pH range – the Y206F mutation apparently alters the pKas of this 
process such that they are now accessible at higher pH values. Together, these 
data are interpreted as indicating that Y206 is involved in tuning the pKas of the 
proton-coupled redox event observed in PFV.  Altering this residue alters the 
pKas of the observed proton-coupled redox process and therefore alters the pH 
dependence profile of ccNiR. 
Mutation of Arg103 to Gln or Lys also alters the pH dependence profile of 
ccNiR (Figure 3.5B). The R103Q mutation causes the pKas associated with the 
proton-coupled redox event to shift slightly in the alkaline direction, although 
importantly, the stoichiometry of the proton-coupled process is not altered 
compared to WT. In the case of the R103K variant, the pKas shift to the acidic 
direction, where the catalytic feature is no longer proton coupled at physiological 
pH. These data support the hypothesis that R103 plays a role in tuning the pKas 
of the detected proton-coupled redox step.  
Rationalizing how the Y206F and R103K/Q variants differentially affect the 
properties of ccNiR catalysis can be assisted by examination of the high 
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resolution crystal structure of the ccNiR from Wolinella succinnogenes, which 
reveals a number of waters within the active site (Figure 3.1.B). Together with 
R103, H257, and Y206, these waters make up an extensive hydrogen bonding 
network within the active site. Even if crystallographically resolved waters were 
the specific proton donors to intermediate species producing during catalysis, 
Y206 and R103 are able to influence this step through the hydrogen bonding 
network.   
3.4.4. R103 contributes to substrate binding and modulates the operating 
potential of catalysis – The finding that R103Q has a significantly altered KM 
suggests that the residue plays at least a partial role in stabilizing binding of 
substrate, likely through a charge-charge interaction between negatively charged 
substrate and the positively charged guanidinium group. This partial effect is 
confirmed by the variant R103K, which has a KM value that is closer to WT. More 
significantly, the entire pH profiles for the R103 variants are shifted by nearly 100 
mV in the positive direction suggesting that R103 plays a direct role in tuning the 
potential of this proton-coupled redox step, likely through directly influencing the 
potential of the active site heme. Inspection of the crystal structures of all ccNiRs 
indicates that the arginine nitrogen is within hydrogen bonding contact with a 
heme propionate (C7) (Figure 3.1.B). Previous studies have shown that the 
protonation state of heme propionates, which can be influenced by the presence 
of nearby residues, can play a large role in determining the potential of a heme 
(Mao et al. 2003, Voigt and Knapp 2003). The interaction between R103 and the 
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active site heme propionate is apparently altered in both the R103Q and R103K 
variants, potentially altering the protonation state of the heme propionate, 
providing an explanation for the difference in the operating potential of R103Q/K 
variants compared to WT ccNiR. However, this apparent change in the potential 
of the active site heme could not be detected using protein film voltammetry, and 
all variants tested here have similar electrochemical responses (Figure 3.9). The 
inability to observe the altered potential of the active site heme is likely due to the 
highly overlapping nature of signals from the hemes in ccNiR.   
3.4.5. Ability of ccNiR active site variants to catalyze six-electron reduction of 
nitrite to ammonia – Despite the apparent differences in steady state kinetic 
values, electrocatalytic profiles, and pKas of PCET, all variants retain the ability to 
carry out the full reduction of nitrite to ammonia in the expected six electron 
equivalents consumed per one ammonia produced (Table 3.2). As it is easy to 
imagine that diminished proton delivery may result in the release of partially 
reduced products, such a finding is truly surprising, as all residues considered 
here have been implicated in required proton-delivery, through computational 
analyses. For example, it has been suggested that H257 participates in the first 
NO bond cleavage during nitrite catalysis by acting as a proton donor. 
Additionally, previous work on the Desulfovibrio desulfuricans enzyme using 
electrochemistry suggest an active site histidine is a potential proton donor to the 
heme-substrate complex during catalysis (Almeida et al. 2007, Maia and Moura 
2014). Yet, the results clearly demonstrate that when H257 cannot act as a 
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proton donor, the complete reaction still proceeds, although at a reduced rate. 
The proton likely instead comes from waters within the active site, or alternatively 
Arg103, as has been proposed previously, although this must occur at a much 
slower rate (Bykov et al. 2014).  
Similarly, according to DFT studies, residues Y206 and R103 also likely act as 
proton donors during the reduction of nitrite to ammonia (Bykov et al. 2014). 
Although alteration of Y206 and R103 residues reduces activity, they do so to a 
lesser extent than H257. R103 apparently has additional roles, which are charge 
stabilization of the negatively charged nitrite as well as possibly tuning of the 
active site heme potential. 
These results suggest that no individual residue tested here is essential for 
directing or gating the complete catalytic reduction of nitrite to ammonia – rather, 
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Figure 3.9. WT and mutant ccNiR baseline-subtracted non-turnover PFV data. (A) 
Baseline-subtracted cyclic voltammograms showing WT and mutant protein films. (B) 
Normalized baseline-subtracted cyclic voltammograms showing WT and mutant 
protein films. All experiments carried out at pH 7, 100 mV/s, 20°C.
the residues act collectively to accelerate the completed reaction, which is 
feasible here as electrons are never limiting.   
3.6. CONCLUSIONS  
The data presented here offer insight into how multiple electron transfer and 
protonation events are controlled within the ccNiR active site during catalytic 
reduction of nitrite. First, the data clearly demonstrates that ccNiR catalysis is 
governed by two distinct phases: a one-electron one-proton event, and a one-
electron event not coupled to a proton transfer. Second, the ability of the ccNiR 
variants tested here to carry out their full reaction, with reduced rates and altered 
pKas, demonstrates the importance of the precise control of proton coupled 
electron transfer steps that is required to achieve high turnover numbers at 
physiological pH values. This control is likely mediated though an extensive 
hydrogen bonding network, involving both the protein and solvent waters. These 
findings likely extend to other enzymes involved in multi-electron catalysis, and 
could also aid in the design of artificial multi-electron catalysts. Future studies 
should focus on what factors drive the direction of catalysis, as well as what roles 
each individual residues play at each ET step throughout the catalytic cycle. 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CHAPTER 4 
 INVESTIGATION OF THE FUNCTION ROLE OF THE COVALENTLY 
LINKED CYSTEINE AND TYROSINE RESIDUES ADJACENT TO THE ACTIVE 
SITE OF MYCOBACTERIUM TUBERCULOSIS SULFITE REDUCTASE 
 99
4.1. INTRODUCTION 
Sulfite and nitrite reductases catalyze the reduction of sulfite or nitrite 
respectively and can be divided into two classes, dissimilatory and assimilatory, 
based on their distinct physiological roles (Crane et al. 1995, Stroupe and Getzoff 
2006). Dissimilatory sulfite and nitrite reductases (dSiRs and dNiRs) are involved 
anaerobic respiration, allowing organisms to utilize sulfite or nitrite as a terminal 
electron acceptor. Many of the known dSiRs utilize siroheme and [4Fe-4S] 
cofactors (Arendsen et al. 1993, Schiffer et al. 2008, Parey et al. 2010), although 
some also employ c-type hemes (Shirodkar et al. 2011, Youngblut et al. 2012) or 
copper cofactors (Averill 1996).  Assimilatory sulfite and nitrite reductases (aSiRs 
and aNiRs) are involved in acquisition of sulfite and nitrogen from the 
environment. All known assimilatory sulfite/nitrite reductases contain siroheme 
and a [4Fe-4S] cluster as the catalytic cofactors.  
Assimilatory SiRs play a key role in the assimilation and incorporation of 
sulfur atoms into sulfur-containing biomolecules and are found in bacteria, fungi, 
algae, and plants (Crane et al. 1995). Because sulfite reduction enzymes are 
found in many species of pathogenic bacteria, but not in humans, these enzymes 
have been of considerable interest as potential drug target (Pinto et al. 2007). 
Sulfur assimilation is a multi-enzyme pathway, and in bacteria, it begins with the 
import of environmental sulfate by active transport across the membrane (Figure 
4.1) (Hatzios and Bertozzi 2011). The imported sulfur is then converted to 
adenosine phosphosulfate (APS), which is converted to 3’-phosoadenosine 
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phosphosulfate (PAPS), and finally to sulfite. Sulfite reductase then performs the 
six-electron reduction of sulfite to sulfide, which can then be incorporated into 
sulfur-containing biomolecules such as cysteine . 
Assimilatory siroheme-containing sulfite reductases contain an electronically 
coupled siroheme and [4Fe-4S] cluster, and are either monomeric or oligomeric 
in quaternary structure (Crane et al. 1995, Schnell et al. 2005). The oligomeric 
class of sulfite reductases acquire the reducing equivalents needed to drive the 
reduction of sulfite to sulfide from associated flavoproteins. Perhaps the most 
well-studied sulfite reductase is the NADPH-dependent multimeric enzyme from 
E. coli, which consists of eight flavoprotein and four hemoprotein subunit (Crane 
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Figure 4.1. Bacterial assimilation of sulfur from the environment involves a multi-
enzyme pathway which begins with active transport of sulfate across the membrane 
(represented by a pink rectangle). The pathway branches after formation of APS; here 
only the reductive branch of the pathway is shown. Sulfite reductase catalyzes the 
reduction of sulfite to sulfide (green square).
et al. 1995, Stroupe and Getzoff 2006). Each of the flavoprotein subunits 
contains an FAD and FMN cofactor, and are responsible for oxidizing NADPH, 
which provides reducing equivalents for the hemoprotein subunit. The 
hemoprotein contains the [4Fe-4S] cluster and siroheme cofactor and is the site 
substrate binding and reduction. 
The second class of assimilatory sulfite reductases are monomers, do not 
contain FMN or FAD cofactors, and only contain the [4Fe-4S] cluster and 
siroheme cofactors. These SiRs acquire reducing equivalents from soluble 
ferredoxin redox partners and are appropriately named the ferredoxin-dependent 
sulfite reductases.  
Assimilatory sulfite and nitrite reductases share the same cofactors and are 
able to reduce sulfite, nitrite, and hydroxylamine, although they have a strong 
preference for their native substrate (Krueger and Siegel 1982, Siegel et al. 
1982). Structurally, aSiRs and aNiRs share a similar overall fold and both contain 
similar arrangements of their siroheme and [4Fe-4S] cluster (Swamy et al. 2005). 
Within the active site of aSiRs and aNiRs, many of the basic residues that are 
presumably involved in interactions with substrate and donation of protons during 
catalysis are conserved, with some exceptions (see discussion). Precisely how 
aSiRs and aNiRs discriminate between sulfite and nitrite remains an important 
open question.  
The sulfite reductase from Mycobacterium tuberculosis (mtSirA) is one such 
example of the monomeric ferredoxin-dependent sulfite reductases. Originally 
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identified as a ferredoxin-dependent nitrite reductase, this 555 amino acid sulfite 
reductase retains the overall architecture of the E. coli sulfite reductase 
hemoprotein, although the enzymes only share 23% identity (Figure 4.2). The 
sulfite reductase active site is largely typical of sulfite reductases and contains a 
number of basic amino acids which create a region of positive electrostatic 
potential above the active site (Crane et al. 1995, Schnell et al. 2005). 
Importantly, mtSirA also contains a cysteine residues linking the siroheme and 
[4Fe-4S] cluster. This cysteine residue is strongly conserved in the siroheme 
SiRs and NiRs and is the structural basis for the electronic coupling between the 
siroheme and [4Fe-4S] cluster (Christner et al. 1981, Schnell et al. 2005).  
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Figure 4.2. Crystal structure of M. tuberculosis SirA. The red star indicates location of 
substrate binding to the siroheme cofactor. Basic residues which create a region of 
positive electrostatic charge within the active site, as well as the covalent Cys161-
Tyr69 linkage are shown as sticks. Image rendered in PyMol from PDB = 1ZJ8.
The crystal structure of mtSirA revealed a covalent linkage between Y69 and 
C161, residues which are located adjacent to the mtSirA active site (Figure 4.2B). 
This type of covalent linage has been observed in several enzymes (Diaz et al. 
2004, Polyakov et al. 2009, Buongiorno and Straganz 2013), the best studied of 
which is the glycyl radical enzyme galactose oxidase (Whittaker 2003). In the 
case of galactose oxidase, the Cys-Tyr linkage is essential for catalysis, and is 
involved in the formation of a radical on the tyrosine within the linkage. The 
presence of the covalent linkage of the tyrosine to cysteine is known to tune the 
reduction potential of the tyrosyl radical, reducing its potential by c.a. 500 mV 
(Stubbe and van Der Donk 1998). As a consequence the radical would 
presumably be more accessible in terms of redox potential, and additionally aids 
in tuning the function of galactose oxidase (Rokhsana et al. 2012).  
The possible roles played by the Y69-C161 crosslink in Mt SirA has been 
unclear, to date. Preliminary mutational studies carried out on the Y69 and C161 
residues by Schnell and co-workers (Schnell et al. 2005) revealed a decrease in 
the specific activity of mtSirA upon altering these resides, albeit within an order 
magnitude of WT activity. These results led to the suggestion that the Y69 ad 
C161 residues may be involved in catalysis, possibly through the formation of a 
radical as in galactose oxidase (Schnell et al. 2005, Warren et al. 2009).  
Additionally, Schnell and co-workers hypothesized the Y69 and C161 
residues may be a conserved feature of siroheme-dependent sulfite reductases, 
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differentiating them from siroheme nitrite reductases, in which these residues are 
replaced by phenylalanine and glycine respectively (Schnell et al. 2005). 
To more specifically define the role of the Cys-Tyr linkage in mtSirA, the 
hypothesis that the Cys-Tyr linkage is either directly involved in catalysis or 
involved in substrate binding was tested. Through the use of steady-state kinetic 
assays coupled to mutational analysis, it is demonstrated that residues Y69 and 
C161 are likely not directly involved in catalysis, but instead appear to play a role 
in substrate binding. In particular, the Y69 residue may be involved in governing 
preference for nitrite versus sulfite as a substrate. These results offer insight into 
the evolution of substrate specificity in SiRs and NiRs and provide confirmation to 
the hypothesis that the presence of these residues are a defining feature of 
siroheme sulfite reductases. 
  
4.2. MATERIALS AND METHODS 
4.2.1. Expression and Purification of mtSirA – Overnight cultures of mtSirA (4 
mL, 2xYT) E. coli (BL21 DE3) transformed with mtSirA cloned into pET28a and 
CysG (Schnell et al. 2005), was grown in 500 mL cultures 2xYT media at 37°C, 
220 rpm to OD600 = 0.6-0.7, then stored at 4°C for 15-30 minutes. Ferrous 
ammonium sulfite (2 mM) was then added to the cultures, followed by induction 
of CysG with 1 mL per 500 mL culture 20% L-Arabinose. Cultures were then 
subjected to a 1 hr “pre-induction” phase at RT, 220 rpm. After the 1hr pre-
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induction, cells were induced with 100 µM IPTG. Cells were grown overnight at 
RT 220 rpm. 
Cells were harvested by centrifugation at 18000 x g for 12 min at 4°C. Cell 
pellets were resuspended in PBS buffer 10% Glycerol with 0.25 mM PMSF and 
DNase. Cells were lysed by sonication on ice, with 9 x 10s bursts at 70% power 
and a duty cycle of 70%-80%. Cell lysate was then clarified by centrifugation at 
18000*g for 25-30 min at 4°C.   
Purification procedures followed a three step procedure which included 
affinity purification, ion-exchange, then gel filtration. The precise buffer conditions 
were altered for some preparations to improve yield as outlined below. For the 
standard purification protocol, clarified lysate was then loaded onto Ni-6-
Sepharose resin (GE Healthcare) equilibrated with 50 mM sodium phosphate, 
300 mM NaCl, 20 mM imidazole, pH 7. The resin was washed with the 
equilibration buffer then mtSirA was then eluted with 50 mM sodium phosphate, 
300 mM NaCl, 300 mM imidazole, pH 7. Eluted mtSirA was dialyzed into 20 mM 
HEPES, 30 mM (or 100 mM) NaCl, pH 7.5.  
Next the dialyzed mtSirA was concentrated and loaded onto a MonoQ (GE 
Healthcare) which was equilibrated with 20 mM HEPES, pH 7.5. MtSirA was 
eluted with a linear gradient of equilibration buffer and 20 mM HEPES, 1 M NaCl, 
pH 7.5. Eluted mtSirA was then further purified by gel filtration (S-100 or S-200, 
GE Healthcare) using “standard buffer”; 20 mM HEPES, 100 mM NaCl, pH 7.5. 
Samples were then aliquoted and stored at -20°C or -80°C. Typical yield were 10 
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mg per liter culture. The typical A280/Asoret was 2.5 - 3.0 and samples were ≥ 
95% pure as judged by coomassie-stained SDS-PAGE. Protein concentrations 
were determined by Bradford assay. 
For purification of variant proteins used for recording as-purified/reduced 
spectra (except C161S where standard protocol was used) and product 
formation assays, all purification buffers besides the ion exchange buffers 
contained 10% glycerol. The Ni-6-Sepharose binding buffer contained 2 mM 
imidazole, and the dialysis and gel filtration buffer was 50 mM sodium phosphate, 
300 mM NaCl pH 7, and a final buffer exchange step into 20 mM HEPES, 100 
mM NaCl, 10% glycerol pH 7.5 buffer was included. This final buffer exchange 
was omitted for C161A/Y69A mtSirA, Y69F used in sulfite activity assays, and 
C161S used in sulfide formation assays.  For WT protein used in sulfide 
formation assays the gel filtration buffer was 20 mM HEPES, 100 mM NaCl, 10% 
glycerol pH 7.5, so no buffer exchange step was needed.  
For WT protein used to obtain as-purified/reduced spectra and ammonium 
detection, after induction with IPTG, cells were rotated at 200 rpm overnight. 
During the purification all buffers contained 10% glycerol, the Ni-6-sepharose 
binding buffer contained 2 mM imidazole, and the MonoQ step was replaced by 
DEAE sepharose with a linear gradient (0-1M NaCl) in 20 mM HEPES pH 7.5. 
The remainder of the purification was carried out according to standard protocol. 
Y69A, Y69F, C161A, and C161S variants were constructed as described in 
Schnell et al 2005. To construct the C161A/Y69A double variant, the following 
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primers were used with Y69A DNA as a template and an Agilent QuikChange 
Lightning site-directed mutagenesis kit:  
 5’-GGACTGCAGACCACCGAGGCGGCCGGTGACTGCCCGCGGG and   
 5’- CCCGCGGGCAGTCACCGGCCGCCTCGGTGGTCTGCAGTCC.  
The presence of the double mutation was confirmed by sequencing. All 
variants were purified accruing to the wild-type protocol, described above.  
Uv-visible spectra of mtSirA were recorded on a Cary-50 spectrophotometer. 
4.2.2 Sulfite reductase solution activity assays – Sulfite reductase activity was 
assayed in solution by following the reoxidation of methyl viologen at 600 nm (ε = 
13,700 M-1cm-1). Activity assays were carried out using anaerobic cuvettes under 
positive argon pressure and with buffer that had been spared with argon prior to 
use to an maintain anaerobic environment. All solutions were added using gas-
tight syringes. For nitrite assays, 20 µM diethyldithiocarbamate was included in 
reaction mixtures to prevent non-enzymatic consumption of methyl viologen, 
which typically only occurs in the millimolar concentration range of nitrite, as 
previously described (Krueger and Siegel 1982). 
Assay mixtures contained mtSirA, substrate, and 160 µM methyl viologen in 
20 mM HEPES, 100 mM NaCl, pH 7.5. Experiments were carried out at 25°C. 
Methyl viologen (100 mM) was reduced with zinc metal, then transferred to a 
separate stoppered tube and was treated as a working stock. Reactions were 
initiated both with addition of enzyme. All initial rates were corrected for 
contribution of background non-enzymatic re-oxidation of methyl viologen, 
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typically between 1 and 20% of the total signal depending on the substrate 
concentration, and was measured for approximately 30 seconds before initiating 
each reaction. Assays for C161S variant and C161A/Y69A variant performed by 
Anna Guzikowski. 
4.2.3. Sulfide formation assays – The ratio of electrons consumed to sulfide 
produced was determined using a two-part assay. The first portion of the assay 
was similar to the solution activity assays described above. Reactants included 
mtSirA, 160 µM reduced methyl viologen, and 1 mM sulfite in 20 mM HEPES, 
100 mM NaCl, pH 7 in a final volume of 3 mL. All buffers and solutions were 
prepared anaerobically. The initial absorbance at 600 nm was measured, 
reactions were initiated by addition of sulfite, the reaction was allowed to 
complete, and the final absorbance at 600 nm was measured. The number of 
moles of methyl viologen consumed was calculated by taking the difference 
between the initial and final absorbance at 600 nm and using the reported 
extinction coefficient (see above). This number was corrected for methyl viologen 
consumed due to background non-enzymatic reaction. 
The second part of the assay was a modified version of the protocol 
developed by Siegel (Siegel 1965). Solution A was 0.02 M N,N-dimethyl-p-
phenylenediamine sulfate in 7.2 N HCl. Solution B was 0.03 M ferric chloride in 
1.2 N HCl. After each mtSirA reaction was complete, 300  µL of each solution A 
and B were added with a gas tight syringe, and the cuvette was incubated for 10 
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min. The absorbance of methylene blue at 650 nm (ε = 19,000 M-1cm-1) was used 
to determine mols of sulfide present (Smith and Stroupe 2012).  
4.2.4. Ammonium ion formation assays – A two part assay was used to 
detected the presence of ammonium ion after reacting WT mtSirA and Y69A with 
1 mM nitrite. The first part of the assay, which quantified the number of reducing 
equivalents consumed over the course of the reaction was carried out in a 
manner identical to that of the sulfide detection assay.  
The second portion of the assay was carried out as described in Chapter 3 
Section 3.2.5. 
4.2.5. MALDI-TOF Mass Spectrometry – Matrix-assisted laser desorption 
ionization time-of-flight (MALDI-TOF) mass spectrometry was carried out on a 
Bruker Autoflex in either linear or reflector mode. Holo-mtSirA enzyme samples 
were diluted 1/10 with 0.1% trifluoroacetic acid (TFA) then mixed 1:1 with 
saturated sinnipinic acid in 1:1 Acetonitrile:0.1% TFA.  
4.3. RESULTS 
4.3.1. Uv-Vis spectra reveal altered electronic states in mtSirA Cys-Tyr 
Variants – Wild-type ‘as-purified’ mtSirA exhibits an absorption spectra similar to 
that reported for E. coli sulfite reductase hemoprotein (Figure 4.3), as well as the 
spectrum previously reported by Schnell and co-workers (Janick et al. 1983, 
Schnell et al. 2005). The spectrum of mtSirA exhibits a Soret feature centered at 
391 nm and alpha-beta bands at 550 and 590 nm, as well as a charge transfer 
 110
band at 715 nm. Upon reduction with five molar equivalents of titanium (III) 
citrate, the spectral features shift in a manner similar to sulfite reductase 
hemoprotein. Reduction is accompanied by a red-shift in the soret feature to 400 
nm as well as a bleaching of the soret intensity. The alpha-beta features also 
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Figure 4.3. As-purified and reduced Uv-Vis spectra for WT mtSirA and variants. All 
spectra recorded at room temperature in 20 mM HEPES, 100 mM NaCl, pH 7. 
Reduced samples recorded after incubating mtSirA with five reducing equivalents 
titanium (III) citrate; mtSirA concentration determined by Bradford. (A) Spectra of  50 
µM WT SirA. (B) 33 µM Y69A mtSirA. Arrow indicates additional 654 nm feature. (C) 22 
µM Y69F mtSirA. (D) 22 µM C161A mtSirA. (E) 31 µM C161S mtSirA. (F) 50 µM 
C161A/Y69A double variant mtSirA. Arrow indicates additional spectral feature at 652 
nm. All spectra adjusted such that Abs800 is set to zero.
bleach and broaden into a single feature at 601 nm.  The charge transfer band at 
715 nm is no longer visible in the reduced spectrum. 
The Y69A variants displays an as-purified spectra that is largely similar to WT 
mtSirA, with several exceptions (Figure 4.3B). First, the soret band of as-purified 
mtSirA is centered at 399 nm, a 8 nm shift compared to WT. Additionally, a 
second alpha-beta band appears upon reduction of Y69A that is centered at 654 
nm. This same feature is observed in the C161A/Y69A double-variant (Figure 
4.3F) but not in any other variant. This additional feature suggests the Y69A 
mutation alters the electronic structure of the siroheme cofactor in mtSirA. 
Additional spectra changes exhibited by mtSirA variants is apparent in the 
reduced spectra of C161S and Y69F variants (Figure 4.3C,E). In both of these 
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KM (µM) kcat (electrons ᐧ s-1)
kcat/KM  
(electrons ᐧ s-1)/M
WT 25 ± 8 6 ± 1 2.4 x 105
Y69A 5 ± 3 0.7 ± 0.1 1.4 x 105
C161A 17 ± 4 3.3 ± 0.2 1.2 x 105
Y69F ND 0.12 ± 0.06 ND
C161S 8.2 ± 1.6 1.9 ± 0.1 2.3 x 105
Y69A/
C161A ND 0.13 ± 0.05 ND
Table 4.1. Steady state parameters of mtSirA sulfite catalysis.
variants, the soret is not bleached upon reaction, but is instead sharpened and 
becomes larger than the as-purified soret band.  
The most spectrally innocent variant was C161A, which exhibited few if any 
departures from the as-purified and reduced spectra of WT mtSirA. 
4.3.2. Effects of Cys-Tyr Variants on Kinetic Parameters of Sulfite Reduction – 
Steady state activity assays were utilized in order to aid in determination of the 
role of Y69 and C161. Mutation of Y69 to an alanine caused a five-fold decrease 
in KM relative to WT, while the activity was decreased by nearly an order of 
magnitude. (Table 4.1). In contrast the kinetic parameters for C161A were nearly 
identical to WT, with KM being within error and kcat being decreased by less than 
two fold. Interestingly, the kinetic parameters determined for the C161A variant 
were nearly identical to those of WT, where KM was within error of WT and kcat 
was decreased by less-than two-fold.  
This trend is also apparent in the more conservative Y69F and C161S 
variants. Mutation of C161 to serine causes only a very modest decrease in KM 
and kcat while the Y69F exhibits an estimated 50-fold decrease in activity at 1 mM 
sulfite (saturating in the WT enzyme). This large decrease in activity precluded 
the measurement of a KM for this variant. It was also noted that the stability of 
this enzyme appeared to be decreased compared to WT. This may be due to the 
introduction of a relatively hydrophobic phenylalanine within the active site or the 
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removal of potential hydrogen bonding interactions with the tyrosine hydroxyl 
group. 
To assess the effect of removing both Y69 and C161 residues a Y69A/C161A 
double-variant was constructed. The activity at 1 mM sulfite was determined to 
be reduced by 40-fold. This decrease in activity is approximately two-fold larger 
than would be expected by a simple additive effects of the activity decreases 
resulting from the C161A and Y69A variants individually (Table 4.1). 
Measurement of the KM was also not possible for this variant due to its very low 
activity.  
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mol methyl viologen consumed/ mol 
sulfide produced
WT 5.2 ± 0.7
Y69A 5.0 ± 0.2
C161A 5.2 ± 0.7
Y69F 5.5 ± 0.5
C161S 5.8 ± 0.1
Y69A/C161A ND
Table 4.2. MtSirA Cys-Tyr variant product formation assays.
4.3.3. Competence of mtSirA Cys-Tyr variants to carry out the full reduction of 
sulfite – In order to determine if the Cys-Tyr variants tested above were 
competent to carry out the entire six-electron reduction of sulfite to sulfide a 
product formation assay was performed. The data indicate that all variants 
produce the expected ratio of one sulfide ion for every six reducing equivalents 
consumed (Table 4.2). These results indicate that despite the reduction of activity 
in the Y69 variants, the variants tested are still able to carry out the reduction of 
sulfite without release of partially reduced substrate.  
4.3.4. Cys-Tyr variants make mtSirA a better nitrite reductase – Steady state 
kinetic assays were performed in order to assess the role of Y69 and C161 in the 
ability of mtSirA to use nitrite as a substrate. For nitrite catalysis, WT mtSirA 
exhibits a KM that is two-order of magnitudes larger than that observed for sulfite, 
however the kcat is nearly identical to that for sulfite as a substrate (Table 4.3). 
Surprisingly, the KM for nitrite for the the Y69A variant is reduced by 400-fold 
compared to WT while the kcat is reduced by less than two-fold. This amounts to a 
200-fold increase in kcat/KM, bringing it within range of the kcat/KM for mtSirA sulfite 
turnover.  Importantly, ammonium production assays reveal that Y69A mtSirA 
produces ammonium upon reaction with nitrite in a ratio of 5 ± 1 reducing 
equivalents consumed per moles of ammonia produced. Wild-type mtSirA was 
also found to consume 5 ± 1 reducing equivalents per mole of ammonia 
produced under the same conditions. These results suggest that Y69A can 
convert nitrite to ammonium in the expected molar ratio, with an efficiency 
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comparable to siroheme nitrite reductases. The finding that the Y69A variant 
does not consume more than six reducing equivalents per ammonia produced 
indicates that no appreciable amount of partially reduced side-products are 
formed during the reaction.  
This trend is also apparent for the other variants tested, with the KM values for 
nitrite shifting from the low millimolar range to the micromolar range. In all 
variants tested, the kcat is also nearly identical identical to the WT value, with the 
exception of the Y69F mutation – it is possible that the lower Y69F activity may 
be due to the presence of the hydrophobic phenylalanine residue in place of the 
tyrosine residue, where potential hydrogen bonds to tyrosine hydroxyl group are 
lost.  
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Table 4.3. Steady state parameters of mtSirA nitrite catalysis.
KM (mM) kcat (electrons ᐧ s-1)
kcat/KM  
(electrons ᐧ s-1)/M
WT 2.6 ± 0.4 6.7 ± 0.4 2.6 x 103
Y69A 0.006 ± 0.002 3.6 ± 0.3 6.0 x 105
C161A 0.8 ± 0.2 11 ± 1 1.4 x 104
Y69F 0.25 ± 0.08 0.80 ± 0.03 3.2 x 103
C161S 0.17 ± 0.04 3.5 ± 0.5 2.1 x 104
Y69A/
C161A ND ND ND
4.3.5. Effects of Cys-Tyr Variants on Hydroxylamine Kinetic Parameters – To 
determine the effects of the C161 and Y69 variants on other nitrogen-containing 
substrates, hydroxylamine, a proposed intermediate along the nitrite reduction 
pathway, was assayed and steady state kinetic parameters were determined 
(Table 4.4).  
Kinetic values for hydroxylamine as a substrate exhibit changes similar to 
those observed with sulfite as a substrate. Significant decreases in activity are 
typically accompanied with decreases in KM, leaving the kcat/KM values largely 
similar to WT mtSirA. 
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KM (mM) kcat (electrons ᐧ s-1)
kcat/KM  
(electrons ᐧ s-1)/M
WT 37 ± 11 175 ± 31 4.7 x 103
Y69A 4.5 ± 0.5 72 ± 6 1.6 x 104
C161A 32 ± 9 348 ± 70 1.1 x 104
Y69F 8.1 ± 1.4 57 ± 6 7.0 x 103
C161S ND ND ND
Y69A/
C161A 2.3 ± 0.4 30 ± 3 1.3 x 10
4
Table 4.4. Steady state parameters of mtSirA hydroxylamine catalysis.
4.3.6. Evidence for a heterogeneous population of WT mtSirA – SDS-PAGE 
analysis of WT mtSirA preparations reveals two populations with slightly different 
mobilities (Figure 4.4). The estimated mobility difference between the two bands 
in the WT preparations were determined to be 5 ± 1 kDa by measuring the 
mobility of both bands from multiple gels using a standard curve generated from 
the molecular weight markers on each gel. In most preparations of Y69 or C161 
variants tested, there is little or no evidence of multiple populations in the gels. 
However, some preparations of Y69A mtSirA may contain multiple bands at 
approximately the same molecular weight.  Thus, if the multiple populations are 
due to differentially processed mtSirA, such as truncation resulting from 
proteolytic cleavage, this should correspond to a sub-population that is truncated 
by approximately 43 amino acids, assuming an average molecular weight of 115 
daltons per amino acid (Slightom et al. 1983). 
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Figure 4.4. Coomassie-stained 7.5% SDS-PAGE gel showing WT and variant 
preparations of mtSirA. Approximately 0.2 mg/mL mtSirA and variants loaded. Four 
right lanes show variants at one-third the concentration. Molecular weight markers in 
left-most lane.
In order to determine if preparations of mtSirA are composed of full length and 
truncated proteins, several preparations were analyzed using MALDI-TOF  mass 
spectrometry (Figure 4.5). Despite the clear presence of two bands in SDS-
PAGE gels for both mtSirA preparations tested (Figure 4.5A), both WT and Y69A 
mtSirA exhibited spectra for a single population at a molecular weight of ~63000 
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Figure 4.5. Analysis of preparations of mtSirA by MALDI-TOF mass spectrometry. (A) 
Coomassie-stained 8% SDS-PAGE gel of WT and Y69A mtSirA. Two WT preparations 
are shown. 10 µL sample loaded onto lane 1 and 20 µL onto lane 2. Samples (0.2 mg/
mL) mixed 1:1 with loading dye. (B) MALDI-TOF spectra of WT and Y69A mtSirA 
samples showing full mass range examined. Data collected in linear mode. (C) 52 to 
68 kD mass range of same spectrum shown in B. 
Da (Theoretical WT, with cofactors, MW=63,394 Da), with the exception of a low 
molecular weight impurity (~25 kD) in the 04/18/14 preparation (Figure 4.5B,C). 
This observation reveals that mtSirA is homogeneous with respect to mass, 
suggesting that the difference in mobility observed is not due to two mtSirA 
populations with difference molecular weights. 
4.4. DISCUSSION 
Covalent linkages between cysteine and tyrosine residues have been 
identified in numerous protein (Stubbe and van Der Donk 1998, Diaz et al. 2004, 
Schnell et al. 2005, Polyakov et al. 2009). While the function of the Cys-Tyr 
linkage is well-established for galactose oxidase (Stubbe and van Der Donk 
1998, Rokhsana et al. 2012), the role of these linkages in some proteins, 
including sulfite reductase, remains elusive.  
The results of this work offer some insight into the role of the covalent linkage 
between Y69 and C161 in mtSirA. The Y69 and C161 residues in mtSirA, while 
required for the linkage, are not directly involved in catalysis, and therefore are 
likely not involved in the formation of a potential radical as was previously 
proposed (Schnell et al. 2005, Warren et al. 2009). Instead, these residue appear 
to play a role in substrate binding, and may be involved governing selectivity 
between sulfite and nitrite as a substrate.  
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4.4.1. No evidence for a role of the Cys-Tyr linkage in catalysis – The 
presence of the covalent linkage between C161 and Y69 led to the provocative 
suggestion that this linkage could house a radical in a manner similar to that of 
galactose oxidase. This hypothesis makes at least two predictions: that (i) 
mutation of these residues would be deleterious to enzymatic activity, and (ii) that 
mutation of these residues would inhibit the ability of the enzyme to complete the 
full six electron reduction of sulfite to sulfide.  
Initial specific activity data, reported by Schnell and co-workers did suggest 
modest decreases in activity due to mutation of C161 to alanine or serine, or 
mutation of Tyr69 to alanine or phenylalanine (Schnell et al. 2005). The data 
largely agree with these results, but also demonstrates that decreases in activity 
for these variants are accompanied by a corresponding decrease in KM, resulting 
in a negligible change in kcat/KM. Together with data showing that the tested 
variants are competent to carry out the full reduction of sulfite to sulfide, suggests 
that these residues are not directly involved in catalysis and therefore are likely 
not involved in housing a radical required for catalysis to proceed. It is important 
to note that the data does not rule out the possibility that the Cys-Tyr linkage 
could house a radical for a non-catalytic role, perhaps as a protective 
mechanism.  
The combined MALDI-TOF and SDS-PAGE analysis suggests there may be a 
mixture of both linked and unlinked Cys-Tyr in preparations of WT mtSirA, based 
on the reported observation that matured (Cys-Tyr linkage formed) galactose 
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oxidase runs at a slightly lower molecular weight that immature galactose 
oxidase (Whittaker and Whittaker 2003). However, the multiple populations in 
SDS-PAGE gels could be due to truncation of the protein, perhaps by proteolytic 
cleavage – indeed one Y69A preparation had a similar second band within 
approximately 2kD of the primary mtSirA band in an SDS-PAGE gel. However 
multiple populations were not observed using MALDI-TOF. If the multiple 
populations were somehow related to maturation of the Cys-Tyr linkage, it is 
possible that this linkage could form under several different conditions, possibly 
after reaction with substrate, or after exposure to oxidants or reductants 
(Whittaker and Whittaker 2003). 
4.4.2. The Cys-Tyr linkage may partially control substrate specificity – MtSirA 
was originally reported to be unreactive with nitrite, resulting in its classification 
as a sulfite reductase rather than a nitrite reductase (Schnell et al. 2005, Pinto et 
al. 2007). However, the data clearly demonstrates that mtSirA will catalyze the 
reduction of nitrite, albeit at very high nitrite concentrations (tens of millimolar). 
Intriguingly, despite the two orders of magnitude lower kcat/KM with nitrite as a 
substrate, the kcat values between sulfite and nitrite as substrates are nearly 
identical. This suggests that, at least for mtSirA, the enzyme differentiates 
between sulfite and nitrite by means of controlling interaction with substrate, 
rather than by exhibiting catalytic control.  
The Cys161 and Tyr69 variants tested here exhibit only modest changes in 
KM with sulfite as a substrate. However, these same variants exhibit more 
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pronounced changes in KM with nitrite as a substrate. In particular, the Y69A 
variant exhibits a kcat/KM for nitrite that is within the range for sulfite as a 
substrate. In short, the Y69A point mutation makes mtSirA a better nitrite 
reductase. This effect is not observed in the more conservative Y69F variant, 
suggesting that the aromatic ring, rather than the terminal hydroxyl group of 
tyrosine is responsible for this change.  
While siroheme SiRs and NiRs have been fairly well-studied over the past 
several decades, it is still unclear how these enzymes determine preference for 
their respective substrates. Schnell and co-workers proposed that SiRs and NiRs 
are differentiated by four amino acids; Y69, C161, H136, and K209 in MtSiR 
numbering on the basis of sequence alignments of 26 sequences from the SiR 
and NiR family (Schnell et al. 2005). An alignment of sequences of biochemically 
characterized SiRs and NiRs is shown in Figure 4.6. According to the Schnell 
and co-worker's analysis the Y69, H136 and K209 residues are invariant across 
both ferredoxin-dependent and NADPH-dependent SiRs (Schnell et al. 2005). 
C161 appears to be conserved across all ferredoxin-dependent SiRs. In the 
NiRs, Y69, C161, H136, and K209 are consistently replaced by phenylalanine, 
glycine, arginine, and asparagine respectively.  
Past work employing mutational analysis offers some insight into the roles of 
these and other active site residues in governing substrate specificity. Nakano 
and co-workers found that mutation of N226 (equivalent to K209 in MtSiR) in 
NtNiR to a lysine results in an increase in the specific activity of the enzyme 
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toward sulfite reduction (Nakano et al. 2012). The authors concluded that this 
was likely the result of altered ionic interactions between the protein and the 
substrate.  
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Figure 4.6. Multiple amino-acid sequence alignment for SiRs and NiRs that have been 
biochemically characterized. Black dots near sequence name indicate a crystal 
structure is available. Residues highlighted in red indicate residues conserved in all 
assimilatory SiRs, blue in all assimilatory NiRs. MtSiR, M. tuberculosis SiR; EcSiR, E. 
coli SiR hemoprotein; ZmSiR, Zea mays SiR; NtSiR, Nicotiana tobacum SiR; SoNiR, 
Spinacia oleracea NiR; NtNiR, Nicotiana tobacum NiR; CrNiR Chlamydomonas 
reinhardtii NiR.  Alignments performed using Clustal Omega (1.2.1). 
MtSiR      KAGNPLD--VRERIENI-----YAKQGFDSIDKTDLRGRFRWWGLYTQREQGYDGTWTGD 83
EcSiR      LESNYLRGTIAEDLNDGLT----------GGFKGDNFLLIRFHGMYQQ----DDRDIRAE 68
ZmSiR      EKSNFLRYPLNEELVSEA-----------PNINESAVQLIKFHGSYQQ----TDRDVRGQ 116
NtSiR      EQSNFIRYPLNEEILNDA-----------PNINEAATQLIKFHGSYMQ----YDRDERGG 125
SoNiR      IEKDPMKLFIEDGISDLAT-LSMEEVDKSKHNKDDIDVRLKWLGLFHRRKHHY------- 149
NtNiR      IEKEPMKLFMENGIEELAK-IPIEEIDQSKLTKDDIDVRLKWLGLFHRRKNQY------- 132
CrNiR      VEKCGSRAWN--DVFELSSLLKEGKTKWEDLNLDDVDIRLKWAGLFHRGKRTP------- 131
                        : .                       ::: * : :            
MtSiR      DNIDKLEA-KYFMMRVRCDGGALSAAALRTLGQISTEFARD-TADISDRQNVQYHWIEVE 141
EcSiR      RAEQKLEPRHAMLLRCRLPGGVITTKQWQAIDKFAGENTIYGSIRLTNRQTFQFHGILKK 128
ZmSiR      KN-------YSFMLRTKNPCGKVPNQLYLAMDTLADEF-GIGTLRLTTRQTFQLHGVLKK 168
NtSiR      RS-------YSFMLRTKNPGGEVPNRLYLVMDDLADQF-GIGTLRLTTRQTFQLHGVLKK 177
SoNiR      ---------GRFMMRLKLPNGVTTSEQTRYLASVIKKYGKDGCADVTTRQNWQIRGVVLP 200
NtNiR      ---------GRFMMRLKLPNGVTTSAQTRYLASVIRKYGKEGCADITTRQNWQIRGVVLP 183
CrNiR      ---------GKFMMRLKVPNGELTAAQLRFLASSIAPYGADGCADITTRANIQLRGVTME 182
                      :::* :   *         :              :: * . * : :   
MtSiR      NVPEIWRRLDDVGLQTTEACGDCPRVVLGSPLAGESLDEVLDPTWAIEE----IVRRY-- 195
EcSiR      NVKPVHQMLHSVGLDALATANDMNRNVLCTSNPYESQLHAEAYEWAKK-ISEHLLPRTRA 187
ZmSiR      NLKTVLSTVIKNMGSTLGACGDLNRNVLAPAAPYVKKDILFAQQTAEN-IAALLTPQSGA 227
NtSiR      NLKTVMSTIIKNMGSTLGACGDLNRNVLAPAAPFAKKDYMFAKQTADN-IAALLTPQSGF 236
SoNiR      DVPEIIKGLESVGLTSLQSGMDNVRNPVGNPLAGIDPHEIVDTRPFTNLISQFVTANS-- 258
NtNiR      DVPEILKGLAEVGLTSLQSGMDNVRNPVGNPLAGIDPEEIVDTRPYTNLLSQFITGNS-- 241
CrNiR      DSETVIKGLWDVGLTSFQSGMDSVRNLTGNPIAGVDPHELVDTRPLLRDMEAMLFNNG-- 240
           :   :   : .    :  :  *  *          .           .     :  .   
MtSiR      ----------------------------IG---------KPDFADLPRKYKTAISGLQDV 218
EcSiR      YAEIWLDQEKVATTD---------------------EEPILGQTYLPRKFKTTVVIPPQN 226
ZmSiR      YYDLWVDGEKIMSAEEPPEVTKARNDNSHGTNFPDSPEPIYGTQYLPRKFKVAVTAAGDN 287
NtSiR      YYDVWVDGEKVMTA-EPPEVVKARNDNSHGTNFPDSPEPIYGTQFLPRKFKIAVTVPTDN 295
SoNiR      ----------------------------RG---------NLSITNLPRKWNPCVIGSHDL 281
NtNiR      ----------------------------RG---------NPAVSNLPRKWNPCVVGSHDL 264
CrNiR      ----------------------------KG---------REEFANLPRKLNICISSTRDD 263
                                                        **** :  :    : 
Y69
C161
H136
K209
Additionally, it was found that mutation of R193 (R166 mtSiR) to alanine in 
ZmSiR significantly reduces sulfite reductase activity while decreasing the KM for 
nitrite reduction (Nakayama et al. 2000). The meaning of this change is difficult to 
rationalize, since this lysine is conserved across all sulfite and nitrite reductases, 
but it does confirm that a single mutation can alter substrate specificity in SiRs, 
and further illustrates the possibility that substrate specificity is governed by a 
series of extensive interactions that can be easily disrupted.  
The results presented in this chapter offer further insight into substrate 
specificity in SiRs and NiRs. An alignment of the key conserved residues in SiRs 
and NiRs to the mtSiR crystal structure is shown in Figure 4.7. The phenylalanine 
residues corresponding to Y69 in the NiRs are shifted approximately 4 Å relative 
to Y69 in mtSiR. It can be hypothesized that Y69 participates in an interaction 
that is important for preventing tight nitrite binding, and that this interaction is 
interrupted in the Y69A variant. Importantly, it is likely that the offset positioning 
relative to Y69 of the phenylalanine residues in NiRs is mimicked by the Y69A 
variant but not the Y69F variant, because, presumably, the phenylalanine in the 
Y69F variant would have similar positioning to Y69.  
The nature of the interaction that is interrupted in the Y69A variant is not 
known. However, because of the relative proximity of the siroheme side chains to 
Y69 it is possible that the hydroxyl group of the tyrosine participates in a 
hydrogen bonding network, possibly mediated through a water. The resolution of 
the mtSiR structure is not high enough to evaluate this possibility. 
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This hypothesis is supported by two observations. First, the Y69A variant 
exhibits an altered Uv-Vis absorption spectrum (Figure 4.3) suggesting the 
siroheme environment is altered by this mutation. At the present time, there is a 
lack of theoretical basis that could aid in the assignment the 654 nm peak 
observed in the Y69A variant. Second, another residue thought to differentiate 
between SiRs and NiRs, H136, is also positioned in close proximity to a heme 
side chain, suggesting that the nature of the interaction with this siroheme side 
chain is important for substrate preference. 
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Y69
C161
K209
H136
Figure 4.7. Overlay of crystal structures of SiRs and NiRs showing residues proposed 
to differentiate between SirS and NiRs. MtSiR (green), EcSiR (gray), NtNiR (magenta), 
and SoNiR (cyan) shown. All structures independently aligned to MtSiR. MtSiR residue 
numbering and siroheme shown. Equivalents to C161 not shown. Note EcSiR Y58 not 
present in crystal structure. PDB = 1ZJ8, 1AOP, 3B0G, 2AKJ.
Together, these findings suggest that substrate preference in SiRs and NiRs 
is more sophisticated than simply altered binding interaction with amino acid 
residues within the active site. Instead, it appears that the differentiation between 
sulfite and nitrite as substrates is partially governed by the electronic properties 
of the siroheme, likely through altered interactions with siroheme side chains. 
This hypothesis is supported by Crane and coworkers, who suggested that the 
preference of SiR for sulfite may depend on the partial saturation and flexibility of 
the siroheme (Crane et al. 1995). The additional finding that the iron in SoNiR is 
more in plane with the macrocycle when compared to EcSiR is also consistent 
with this hypothesis (Swamy et al. 2005). The mtSirA siroheme appears similarly 
out of plane, although the relatively low resolution (~2.9 Angstroms) of the 
structure limits a more sophisticated analysis.  
While the Y69A variant does exhibit a large increase in preference for nitrite, it 
is interesting to note that the enzyme remains a good sulfite reductase. This 
suggests that the Y69 residue only imparts partial control over substrate 
preference, as yet another mechanism must be present to prevent the binding of 
sulfite (but see above).  
 4.5 CONCLUSIONS  
It is important to note that the mutational analysis of the Cys-Tyr linkage can 
not decouple the apparent roles of the Cys and Tyr residues and the linkage 
between the two residues. Therefore, while the role of the linkage itself remains 
uncertain, it is clear that the residues themselves are not directly involved in 
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catalysis, but instead may be involved in substrate specificity. One possible 
hypothesis is that the linkage plays a structural role, orienting the Y69 such that it 
can make the interactions needed to perform its role. Future experiments should 
explore both the structural and spectroscopic consequences of the Y69 and 
C161 variants. 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CHAPTER 5 
 TRANSIENT-STATE KINETIC ANALYSIS OF MYCOBACTERIUM 
TUBERCULOSIS SULFITE REDUCTASE 
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5.1 INTRODUCTION 
5.1.1  Summary – Sulfite reductase has been the topic of numerous 
investigations for over fifty years. One of the earliest reports on the enzyme, 
published in 1960, identified a hydroxylamine reducing enzyme as a sulfite 
reductase and further established the ability of this enzyme to catalyze the 
reduction of what was eventually found to be a diverse range of substrates 
(Mager 1960). Throughout the 1960s and 70s, effort by Henry Kamin, Lewis 
Siegel, and many others defined the cofactor content and spectroscopic features 
associated with those cofactors focusing on the siroheme, which was at the time 
a novel class if isobacteriochlorin (Murphy et al. 1973, Faeder et al. 1974, 
Murphy et al. 1974, Murphy et al. 1974, Lancaster et al. 1979). By the 1980s, the 
electronic coupling between the siroheme and [4Fe-4S] cluster, through a 
cysteine thiolate (Crane et al. 1995), was established using a combination of 
EPR and Mössbauer spectroscopy (Christner et al. 1981, Janick and Siegel 
1982). Despite the relatively large number of detailed spectroscopic studies of 
sulfite reductases, there have been few studies directly probing the chemical 
mechanism of the reduction of sulfite to sulfide by SiRs. Thus the functional 
components of the enzyme have been well characterized over the past five 
decades, but how those components control the transformation of substrate to 
product in SiRs is still not well understood.  
The overall goal of this chapter was to employ transient-state kinetics 
methods, to characterize the chemical mechanism of mtSirA (see Chapter 4), by 
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monitoring the reaction of mtSirA with sulfite. Specifically, this study was intended 
to determine if a species that forms upon reaction of mtSirA with sulfite can be 
detected, and to then preliminarily define the properties of the detected species. 
5.1.2 Preliminary identification of reaction intermediates in EcSiR – While the 
mechanism of reduction of sulfite to sulfide by mtSirA is not well understood, 
there have been several studies, focusing on EcSiR, which have provided insight 
into the reaction. Preliminary transient-state kinetics methods were employed by 
Janick and co-workers to investigate the reaction of the oxidized and two-
electron reduced EcSiR with both sulfite and nitrite (Janick et al. 1983). This 
study identified the EPR and Uv-Vis spectra associated with the product(s) of 
these reactions. A substantial portion of these efforts focused on nitrite reactivity 
which established that a ferroheme-NO species is the dominant species during 
steady state catalysis of nitrite by EcSiR. Rapid-freeze quench EPR experiments 
using nitrite as a substrate, monitored the formation of a ferroheme-NO species, 
and identified an additional short-lived intermediate (g = 1.94) preceding its 
formation. The rates of formation of these species (k1 = 18.4 s-1, k2 = 115 s-1) 
were faster than steady-state turnover rates, supporting the involvement of these 
intermediates in the catalytic cycle (Janick et al. 1983).  
Reaction of the two-electron reduced enzyme with sulfite, the native 
substrate, resulted in the formation of an EPR inactive species, although RFQ 
experiments did identify a short-lived species with g =1.94, which had a spectrum 
nearly identical to that observed for nitrite, preceding the formation of this EPR 
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silent species (k1 = 16.5 s-1, k2 = 95 s-1). The formation of an EPR silent species 
was not expected, as the result of reacting reduced SiR with sulfite coincided 
with the disappearance of the [4Fe-4S] signal, suggesting it transferred its 
electron to the ferroheme-sulfite complex forming either ferroheme-SO2-· or 
ferriheme-SO22-, both of which should yield an EPR signal (Janick et al. 1983).  
The formation of the g = 1.94 species in EcSiR studies has been attributed to 
either a change in the spin state of the ferroheme from S = 1 or 2 to S = 0, or a 
loss in coupling between the siroheme and [4Fe-4S] cluster. The latter possibility 
is unlikely given that it is now well established that the bridging ligand is a 
cysteine residue (Crane et al. 1995). The nature of the species that forms upon 
reaction of two-electron reduced EcSiR with sulfite is not known (Janick et al. 
1983).  
5.1.3. The proposed SirA reaction scheme – After the initial publication in 
1995 of the crystal structure of the truncated EcSiR hemoprotein (Crane et al. 
1995), a number of additional crystallographic studies investigation complexes of 
EcSiR with different ligands were carried out (Crane et al. 1997, Crane et al. 
1997). In particular, Crane and colleagues crystallized the truncated EcSiR 
hemoprotein in the reduced state, the enzyme complexed with sulfite, as well as 
complexed with presumed intermediates or intermediate analogues (NO2-, NO, 
and S2-) (Figure 5.1) (Crane et al. 1997).  
The crystallographic studies gave rise to a proposed reaction scheme, shown 
in Figure 5.1B.  The scheme assumes that the resting state of the enzyme is 
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phosphate bound, and that reduction results in the release of phosphate from the 
active site. It is unclear if the inclusion of the phosphate in this scheme can be 
generalized to other SiRs, since the presence of phosphate in the EcSiR 
structures is likely heavily influenced by the purification and crystallization 
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Figure 5.1. Proposed reaction scheme for conversion of sulfite to sulfide by sulfite 
reductase adapted from Crane et al 1997. (A) X-ray crystal structures of sulfite 
reductase cofactors and active site residues in complex with various small molecules. 
SiR-NO2 taken to be analogous to SiR-SO2, and SiR-NO to SiR-SO. (B) Proposed 
reaction scheme derived from structures in A. 
conditions, which included millimolar concentrations of phosphate (Crane et al. 
1997). The structure of MtSiR was determined from crystals grown in the 
absence of phosphate, so whether phosphate binds mtSiR is not known (Schnell 
et al. 2005).  
The intermediates predicted in this scheme have not been observed 
spectroscopically. As discussed above, reaction of two-electron reduced EcSiR 
hemoprotein with sulfite and trapping by RFQ resulted in an EPR silent species. 
All species observed in the above scheme are expected to be EPR active, and 
the EPR silent species formed upon reaction of sulfite with EcSiR (Janick et al. 
1983) must then be a species other than the SO2- -siroheme3+-[4Fe-4S]2+ species 
predicted as being a product of the first two-electron transformation. This inability 
to rationalize the RFQ EPR data for EcSiR with the scheme in Figure 5.1B has 
not yet been remedied.   
Additionally, the scheme assumes that the reduction of sulfite to sulfide 
occurs in a series of two-electron transformation (Tan and Cowan 1991, Crane et 
al. 1997). This proposal is reasonable due to the coupling between cofactors and 
the fact that no other cofactors are present in the enzyme to house additional 
reducing equivalents. There is no evidence of the presence siroheme-based or 
protein-based radicals during catalysis (Crane et al. 1997). The prediction of 
coupled reduction and protonation steps is based on the assumption that  proton-
coupled redox steps will reduce the energy barrier required for reduction steps. 
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Importantly, many of the predictions made by the scheme in Figure 5.1 have 
not been evaluated using kinetics experiments. The goal of this chapter was to 
provide the experimental evidence necessary to better define the scheme 
presented in Figure 5.1. Preliminary application of the techniques necessary to 
reach this goal, as well as preliminary data collected using transient-state kinetics 
techniques are presented. 
5.2. METHODS 
5.2.1. Expression and Purification of mtSirA – Overnight cultures of mtSirA (4 
mL, 2xYT) E. coli (BL21 DE3) transformed with mtSirA cloned into pET28a and 
CysG, (Schnell et al. 2005) was grown in 500 mL cultures 2xYT media at 37°C, 
220 rpm to OD600 = 0.6-0.7, then stored at 4°C for 15-30 minutes. 2 mM ferrous 
ammonium sulfite was then added to the cultures, followed by induction of CysG 
with 1 mL per 500 mL culture 20% L-Arabinose. Cultures were then subjected to 
a 1 hr “pre-induction” phase at RT, 220 rpm. After the 1hr pre-induction, cells 
were induced with 100 µM IPTG. Cells were grown overnight at RT 220 rpm. 
Cells were harvested by centrifugation at 18000 x g for 12 min at 4°C. Cell 
pellets were resuspended in PBS buffer 10% Glycerol with 0.25 mM PMSF and 
DNase. Cells were lysed by sonication on ice, with 9 x 10s bursts at 70% power 
and a duty cycle of 70%-80%. Cell lysate was then clarified by centrifugation at 
18000 x g for 25-30 min at 4°C.   
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In purification protocol A clarified lysate was then loaded onto Ni-6-Sepharose 
resin (GE Healthcare) equilibrated with 20 mM HEPES, 2 mM Imidazole, 300 mM 
NaCl, 10% Glycerol, pH 7. The resin was washed with the equilibration buffer 
then mtSirA was then eluted with 20 mM HEPES, 300 mM Imidazole, 300 mM 
NaCl, 10% Glycerol, pH 7. Eluted mtSirA was dialyzed into 20 mM HEPES, 30 
mM NaCl, 10% Glycerol, pH 7.5. Typical yield is 10 mg per liter culture.  
In purification protocol B clarified lysate was loaded onto a onto Ni-6-
Sepharose resin (GE Healthcare) equilibrated with 50 mM sodium phosphate , 2 
mM Imidazole, 300 mM NaCl, 10% Glycerol, pH 7. The resin was washed with 
the equilibration buffer then mtSirA was then eluted with 20 mM HEPES, 300 mM 
Imidazole, 30 mM NaCl, 10% Glycerol, pH 7.5. Eluted mtSirA was then loaded 
onto DEAE as described below.  
For both purification protocols mtSirA was concentrated and loaded onto a 
MonoQ (GE Healthcare) column or DEAE Sepharose resin, which was 
equilibrated with 20 mM HEPES, pH 7. MtSirA was eluted with a linear gradient 
of equilibration buffer and 20 mM HEPES, 1 M NaCl, pH 7. Eluted mtSirA was 
then further purified/buffer exchanged on by gel filtration (S-200, GE Healthcare) 
into “standard buffer”; 20 mM HEPES, 100 mM NaCl, 10% Glycerol, pH 7. 
Samples were then aliquoted and stored at -80°C. Typically, samples used for 
kinetics experiments were not subjected to repeated freeze-thaw cycles.  
5.2.2. Stopped-Flow Experiments – Stopped-flow experiments were carried 
out on a Hi-Tech Instruments SF-61 DX2 in both diode-array and photomultiplier 
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modes. In a typical experiment, syringe A contained 50 µM mtSirA (concentration 
determined by Bradford) and titanium (III) citrate which was freshly prepared 
according to the method of Zehnder and Wuhrmann (1976), in 20 mM HEPES, 
100 mM NaCl, pH 7. Syringe A was mixed in a 1:1 ratio with syringe B, which 
contained buffer or substrate; sodium sulfite or sodium nitrite. All solutions were 
prepared in anaerobically in a Coy vinyl anaerobic chamber. Prior to use, the 
stopped flow syringes and flow path were rinsed with anaerobic water, followed 
by anaerobic buffer, to minimize background contribution from oxygen. 
In an alternative protocol, mtSirA was reduced with EuII complexed to 
diethylene triamine pentaacetic acid (EuII-DTPA), prepared in a Coy anaerobic 
chamber by reducing EuCl3 with excess solid zinc, then mixing with a five-fold 
molar excess DTPA to a final concentration of ~2 mM EuCl3, 10 mM DTPA, 
resulting in the formation of the pale yellow EuII-DTPA complex. The 
concentration of the stock solution of EuII-DTPA was determined 
spectrophometrically using ε320nm = ~850 M-1 cm (Seibig et al. 2000). MtSirA was 
initially reduced with 15 equivalents of EuII-DTPA (as judged by siroheme 
loading), then desalted on a PD-10 (GE Healthcare) in order to remove excess 
reductant. The concentration of the reduced enzyme was estimated using ε280nm 
= ~96,000 M-1 cm-1 which was determined by Edelhoch method (Grimsley and 
Pace 2004), then concentration of siroheme loaded mtSirA was calculated from 
known loading percentage for that preparation. Additional reductant was added to 
reach desired quantity of molar equivalents. Syringe A contained 6.2 µM mtSirA 
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with EuII-DTPA, Syringe B contained 2 mM sodium sulfite. All experiments were 
carried out in 20 mM HEPES, 100 mM NaCl, pH 7, 25°C. 
For deuterium experiments, buffers were prepared using D2O and pD was 
adjusted to pD = 7 using NaOD or DCl, including buffers to make Ti(III) citrate. 
MtSirA sample (in proteo-buffer) was diluted 1/40 into deutero-buffer, so total D2O 
composition of the mtSirA solution was ~98%. The pD was calculated by using 
the observed pH meter reading and applying the conversion: pD = pHobs + 0.311x 
+ 0.0766x2, where x is the fraction of deuterium in solution (Salomaa et al. 1964, 
Vidakovic et al. 1998). MtSirA was incubated with D2O buffer from 30 min to 3 hrs 
prior to experiments with no change in apparent rates (i.e. solvent kinetic isotope 
effect).   
5.2.3. Determination of Siroheme – Assay for siroheme loading was carried 
out by extraction according to Siegel (Siegel et al. 1977). Briefly, mtSirA 
(concentration determined by Bradford) was added in small volumes to ice-cold 
Acetone/HCl (1000:1.3), mixed by vortex, incubated on ice 5 min, then 
centrifuged 5 min at 18000*g at 4°C. 0.5 volumes pyridine was added, the 
sample was centrifuged 3 min at 18000*g, then absorbance at 557nm and 700 
nm measured. Concentration of siroheme was determined by Δε557-700 = 1.57 x 
104 M-1 cm-1.  
5.2.4 Rapid Freeze Quench and Electron Paramagnetic Resonance 
Experiments – MtSirA samples for rapid freeze quench (RFQ), were prepared 
anaerobically, using EuII-DTPA as a reductant. Multiple preparations of mtSirA 
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were pooled then reduced with approximately 23 reducing equivalents (vs 
approximate siroheme). This resulted in a final mtSirA concentration of 400 µM 
(total protein, ~128 µM siroheme) and 3 mM EuII-DTPA. For these experiments a 
3x molar excess of DTPA over EuII was used.  
RFQ samples were prepared using a BioLogic SFM-3000 with a Mix & Freeze 
Quench accessory. The instrument flow path was purged with EuII-DTPA, 
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Figure 5.2. Quantification of siroheme loading in mtSirA. (A) Uv-Vis Spectrum of 
extracted siroheme in 1000:1.3 Acetone:HCl and pyridine as described in methods. 
Total protein concentration of siroheme-extracted mtSirA, determined by Bradford, was 
52 µM. Concentration of siroheme was determined to be 18 µM. (B) EPR spectra of 
three separate mtSirA preparations from, (1) 12/07/14, (2) 12/20/14, and (3) 12/19/14. 
All samples concentrations were 100 µM (via Bradford) of as-purified mtSirA in 20 mM 
HEPES, 100 mM NaCl, 30% Glycerol, pH 7. Data were collected at 2.51 mW power, 
100 kHz modulation frequency, 10 G modulation amplitude, temperature 10K. Scan (1) 
collected at 30 dB gain, scans (2-3) collected at 20 dB gain. A buffer only scan 
recorded under identical conditions was substrate from each spectrum. 
followed by anaerobic water then anaerobic buffer before loading mtSirA and 
sulfite (2 mM) samples. Samples were mixed 1:1. Delay time was adjusted by 
changing the flow rate and length of the delay line used. Instrument parameters 
were set such that samples were aged for 10 ms shorter than desired, to allow 
for an additional 10 ms freezing time. Reactions were quenched in isopentane 
(-130 to -140°C) which was cooled in a liquid-nitrogen-jacketed dewar. Samples 
were then packed into EPR tubes and stored in liquid nitrogen until analysis by 
EPR.  
Electron paramagnetic resonance (EPR) samples were carried out using a 
Bruker EleXsys E-500 spectrometer operating at X-band, equipped with an 
ESR900 continuous flow liquid helium cryostat. 
5.3 RESULTS 
5.3.1. Preparations of sulfite reductase are only partially loaded – 
Determination of siroheme loading in preparations of sulfite reductase by 
extraction of the siroheme cofactor and formation of a pyridine complex was 
performed (Figure 5.2A). 
Some preliminary attempts to alter expression and purification conditions to 
increase siroheme loading were carried out. Lengthening the pre-induction step 
to 3hrs, to allow longer time for CysG induction prior to mtSirA induction resulted 
in no improvement (~30% loading) in siroheme loading. Additionally only 30% 
loading was also achieved when increasing arabinose concentrations (arabinose 
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is used to induce CysG expression). Glycerol was excluded from purification 
buffers, especially the lysis buffer, in an attempt to avoid solubilizing apo-mtSirA. 
This lead a range of 30 - 50% loading and may represent a method to increase 
siroheme loading. Although it seemed that removing glycerol from the lysis buffer 
did not always improve loading.  
Assays of iron loading using a ferrozine assay were typically 1 - 3 mol Fe/mol 
protein, and similar results were obtained using atomic absorption spectroscopy. 
Attempts to chemically reconstitute the [4Fe-4S] clusters resulted in a increase in 
Fe content (to ~4 Fe/ mol protein), but specific activity measurements at 1 mM 
sulfite (Chapter 4, Methods) were 1.8 ± 0.2 electrons s-1 compared to 1.6 ± 0.2 
electrons s-1 before reconstitution indicating further iron loading does not 
contribute to increased activity.  The increase in iron may have simply been due 
to an increase in non-specifically bound iron.  
EPR spectra were obtained from three separate preparations of mtSirA 
(Figure 5.2B). The EPR spectrum obtained appears largely similar to that 
reported for EcSiR hemoprotein (Janick and Siegel 1982) with a characteristic S 
= 5/2 signal at approximately (g= 6.71, 5.16, and 1.97) attributed to the high-spin 
ferriheme. All preparations contain a small g=4.3 signal that can be attributed to 
nonspecifically bound ferric ‘junk’ iron. There is also an additional broad signal at 
1500 - 2500 Gauss, the source of which is unknown.  
Quantification of total spins by double integration was performed according to 
Hagen (Hagen 2006) against a Cu(NO3)2 standard, using g-values for a CuII-
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(H2O)6 :gǁ‖=2.404, g⟂=2.07 (Hagen 1982). Results obtained from EPR spectra of 
100 µM mtSirA determined by Bradford indicated an apparent siroheme 
concentration ranging from 14 - 65 µM siroheme (14 - 65% loading), with the 14 
µM value corresponding to the EPR signal with the least contribution from the 
broad 1500 - 2500 Gauss signal (Figure 5.2B, scan 1). Double integration of 
scans 2 and 3 yield siroheme concentrations at 65 and 62 µM, respectively, and 
are likely overestimates due to the broad contaminating signal being included in 
the double integration. At the very least, while the percent loading from EPR can 
be taken as gross estimates, it is clear from these data that 100 µM mtSirA 
measured by Bradford, from three separate preparations, yields approximately 
the same signal amplitude for the (g= 6.71, 5.16, and 1.97) signals, suggesting 
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Figure 5.3. Stopped-flow absorbance data showing reaction of 50 mM (~16 µM 
Siroheme) mtSirA, 750 µM Ti(III) Citrate with (A) 2 mM sulfite or (B) anaerobic buffer. 
(C) Time-dependent difference spectra showing reaction of mtSirA with anaerobic 
buffer subtracted from spectra resulting from reacting mtSirA with sulfite. Experiments 
were carried out at 25°C, pH 7. Data shown represents an average of scans from three 
separate experiments for each condition. Note: first two scans likely within dead time of 
instrument. 
the siroheme loading is consistent among these preparations, and also 
confirming that the mtSirA preparations are not fully (≤ 65%) loaded. 
Using the siroheme extraction assay, taken to be the best estimate of 
siroheme loading, it can be concluded that mtSirA expressed and purified under 
the tested conditions is, on average, ~32% with siroheme. However, assuming 
that the apparent apoprotein present, or absolute protein concentrations, will not 
contribute to pre-steady state kinetic investigations of reactivity subsequent 
analyses made use of these non-optimized preparations. 
5.3.2. Initial detection of intermediate species: evidence for reaction 
intermediates during mtSirA catalysis of sulfite – Upon reaction of sulfite 
reductase pre-reduced with excess Ti(III) citrate with sulfite, an optically-detected 
species distinct from the reduced enzyme spectroscopically, forms and decays 
on the timescale of the experiment (Figure 5.3A). This species is not formed 
upon reaction of sulfite reductase with anaerobic buffer (Figure 5.3B). 
Subtraction of the spectra from experiments where mtSirA is reacted with 
anaerobic buffer from the traces resulting from reaction of mtSirA with sulfite 
produces a time-dependent difference spectrum (Figure 5.3C). This spectrum 
highlights the observed changes resulting from reaction of reduced mtSirA with 
sulfite and minimizes any contributions from the protein and potentially interfering 
contaminating species. 
Inspection of the time-dependent difference spectrum reveals that the 
intermediate formed exhibits absorption maxima at 390 and 450 nm, with 
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maximal accumulation at ~100 ms (also see below) and decay between 100 ms 
and 2 s – note that the species is not completely decayed on the timescale of this 
experiment. The partially decayed species is largely similar to the 100 ms 
species, with the exception of a sharper signal at 416 nm.  
Comparison of the absorbance spectrum of the 100 ms species (Figure 5.3) 
to the spectrum of ‘as purified’ (AP) and reduced sulfite reductase reduced with 
an alternate chemical reductant such as as Eu(II)-DTPA demonstrates that the 
102 ms reaction product is distinct (Figure 5.4, red traces). The primary 
difference between the spectra is in the soret region, where the 100 ms species 
exhibits a sharpened soret feature compared to both as-purified and reduced 
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Figure 5.4. Comparison of as-purified mtSirA (5 µM, siroheme), mtSirA (5 µM 
siroheme) reduced with 15 molar equivalents EuII-DTPA, and the 102 ms reaction 
species, generated by reacting EuII-DTPA reduced mtSirA (3.1 µM siroheme, ~15 
reducing equivalents) with sulfite. (A) Raw spectra. Note the different scaling for the 
102 ms species absorbance. (B) Same spectra normalized for approximate 
concentrate of mtSirA in each sample, based on siroheme. 
mtSirA. Although the stopped-flow spectrometer exhibits higher scattering, the 
soret band also appears to have a larger extinction coefficient than both the as-
purified and reduced mtSirA spectrum.  
Additionally, there are differences in the 600 nm region, where the 100 ms 
species exhibits a signal that is distinct from both the as-purified and reduced 
species. The 100 ms species does not appear to exhibit the pronounced 548 nm 
shoulder observed in the as-purified enzyme. Together these data indicate that 
the environment around the siroheme cofactor is distinct from both the as-purified 
and reduced mtSirA enzyme, providing evidence that the 100 ms species is 
indeed a siroheme in complex with an unknown species.  
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Figure 5.5. Time dependence of 390 nm signal for mtSirA reacted with sulfite. MtSirA 
(16 µM), reduced with 25 eq Ti(III) Citrate (siroheme) was mixed 1:1 with 2 mM sulfite 
in 20 mM HEPES, 100 mM NaCl, pH 7, 25°C. Data shown is corrected for background 
non-enzymatic buffer reactivity, and is normalized such that first points set to zero. 
Data is fit to ABC model (Eq 5.1). 
The time dependence the 390 nm species is shown in Figure 5.5. The 390 
nm species immediately begins to form upon mixing (dead time ~3 ms) reaches a 
maximum at 100 ms, then decays through the remainder of the experiment and 
is completely decayed after approximately five seconds. It is assumed that no 
observable reactivity associated with the 390 nm species occurs within the dead 
time of the experiment.  
In order to determine values for the rate of formation and decay the data was 
fit to a simple model, which describes the time dependence of an absorbance 
signal for an intermediate species B. The data is well described by the simple 
model shown in Scheme 1 and described in equation 5.1:  
Fitting the data from three separate experiments to Eq 5.1, where species B 
is taken to be the 390 nm species, yields kform=31 ± 1 s-1 and kdecay = 1.0 ± 0.1 
s-1. Similar rates can also be obtained using different mtSirA preparations (within 
~20%). 
5.3.3. Intermediate species can be formed using an alternative reductant – In 
order to ensure the formation of the species is not an artifact due to the Ti(III) 
citrate reductant, EuII-DTPA; Em = - 1.14 V, pH (Vincent et al. 2003), a reductant 
with is capable of reducing mtSirA (Figure 5.4), was used in place of Ti(III) 
Citrate. Data collected in diode-array mode confirms that a species at 390 nm 
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 A390(t) =
[R]0kform
kdecay   kform [e
 kform·t   e kdecay·t]
A B Ckform kdecayScheme 5.1: 
(5.1)
builds in and decays upon reaction with sulfite on the same time scale observed 
for Ti(III) citrate (Figure 5.6A-C). Additionally, the rates of formation and decay of 
the 390 nm species under these conditions (kform = 26 s-1, kdecay = 0.6 s-1) are 
comparable to those determined using Ti(III) citrate as a reductant.   
5.3.4. Dependence of 390 nm species on the concentration of reductant – 
Precise quantitation of the ratio of reductant to mtSiR is complicated by the 
uncertainty in absolute loading of the siroheme and [4Fe-4S] cluster cofactors. 
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Figure 5.6. MtSirA reduced with EuII-DTPA exhibits formation and decay of 390 nm 
species. 6.2 µM mtSirA (siroheme) reduced with 27 equivalents of EuII-DTPA was 
reacted 1:1 with (A) buffer or (B) 2 mM sulfite. (C) Time resolved difference spectra 
calculated by subtracting buffer scans from sulfite scans. (D) Time dependence of 390 
nm extracted from data in panel C, adjusted so first points equal to zero. Data fit to Eq 
1. 20 mM HEPES, 100 mM NaCl, pH 7, 25°C.
For the following experiments it was assumed that the siroheme and [4Fe-4S] 
cluster were equal (although the validity of this assumption is not known), and the 
concentrations of mtSirA used in the following experiments is expressed in terms 
of active sites (i.e. approximate concentration of siroheme-loaded mtSirA). The 
relationships identified here should be taken to be qualitative in nature. 
In all stopped-flow experiments it was found that an excess of reductant was 
needed in order to observe the build in and decay of the 390 nm intermediate. 
The precise quantity of reductant present also determined the rate at which the 
signal decayed (Figure 5.7). It was found that under the conditions where ~15 
equivalents Ti(III) citrate was used, the formation and decay of the 390 nm 
species was observed, although the decay occurred more slowly that in the 
presence of ~25 equivalents Ti(III) citrate, conditions where the complete decay 
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Figure 5.7. Dependence of 390 nm signal on concentration of reducing equivalents. 
(A) MtSirA (~16 µM siroheme) reduced with different concentrations of Ti(III) citrate 
then reacted with sulfite. (B) MtSirA (~ 6.2 µM Siroheme) reduced with different 
concentrations of EuII-DTPA reacted with sulfite. All experiments mixed 1:1 with 2 mM 
sulfite. 20 mM HEPES, 100 mM NaCl, pH 7.5, 25°C. 
of the 390 nm species could be observed throughout a 10 second experiment. 
These results suggest that the rate of decay of the 390 nm species is dependent 
on the number of reducing equivalents present in the mtSirA syringe. Analysis of 
the Ti(III) citrate data by fitting to Eq 1 yields a drop in kdecay from 0.7 , 0.3, and 
0.1 s-1 for the 25, 19, and 13 reducing equivalents experiments respectively. A 
similar trend is observed for the EuII-DTPA reduced samples, with a decrease in 
kdecay from 0.4 to 0.06 s-1 for the 27 and 15 reducing equivalents samples 
respectively.  
It is important to note that no reactivity is observed for the 6 equivalents Ti(III) 
sample, and under these conditions no reactivity is observed.  This is likely due 
to incomplete reduction of mtSirA by the Ti(III) system, possibly due to residual 
oxygen in the buffer, such that the sample reacted in this particular experiment 
was likely not fully reduced. Additionally, the true ratio of reducing equivalents to 
active sites is unknown, as the siroheme loading can only be estimated. 
Therefore, under these conditions, it is assumed that six reducing equivalents 
results in sub-stoichiometric reduction of mtSirA, and ultimately no reactivity 
results. 
5.3.5. Dependence of 390 nm species formation on substrate concentration – 
The dependence of formation of the 390 nm species on the concentration of 
sulfite was tested. There was drift in the initial absorbance of the scans as the 
concentration of substrate was increased, and is likely an artifact of the buffer 
subtraction – the same buffer scan was used for subtraction of data at all 
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substrate concentrations (Figure 5.8A). Correction of the data such that the initial 
absorbance is set to zero reveals a clear dependence on the rate of formation of 
the 390 nm species (Figure 5.8B). This dependence is apparent in the shift of the 
time at which the absorbance is highest (tmax) from ~100 ms at the highest 
concentrations of substrate to ~800 ms at the lowest substrate concentration 
tested (Figure 5.8B). The rate of decay of the species appears to be less 
sensitive to substrate concentration although some variation with concentration 
of sulfite is observed (Figure 5.8C, inset). Due to the low quality of the decay rate 
data, further assessment as to the nature of the relationship between substrate 
concentration and kdecay can not be made at this time.  
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Figure 5.8. Concentration dependence of 390 nm species.  (A) Plots of mtSirA 
stopped-flow data recorded in photomultiplier mode showing traces corrected by buffer 
subtraction. (B) Data normalized such that first data points are set to zero. (C) Plots of 
rates of formation (kform) of 390 nm species. Data average of three trials, and is fit to Eq 
2. (C, inset) Dependence of rates of kdecay on sulfite concentration. All data points an 
average of two tri ls, except the 500 µM point which represents a single trial. All 
experiments performed with ~16 µM mtSirA, 25 equivalents Ti(III) citrate, mixed 1:1 
with sulfite. 20 mM HEPES, 100 mM NaCl, pH 7.5, 25°C. 
The presence of curvature in a plot of reaction rate scan be explained most 
simply by a two-step model, where the maximum rate is limited by a first order 
conversion of an initial enzyme-substrate complex, Scheme 5.2 (Johnson 1992). 
The substrate dependence plot indicates the 390 nm species is not a simple 
formation of an enzyme-substrate complex, and instead includes a rate-limiting 
secondary process, as depicted in Scheme 5 (Johnson 1992). In this model, the 
formation of EX encompasses kform, in Scheme 5.1. The data were therefore 
fitted to equation 5.2:  
The data fit reasonable well to the model and yields K1 = ~2500 M-1, k2 = ~35 
s-1, k–2 = ~1 s-1. The product K1 x k2 yields the apparent second order rate 
constant for substrate binding = 9 x 104 M-1s (Johnson 1992). 
5.3.6. Kinetic isotope effects of 390 nm species formation – In order to 
determine if proton transfers are involved in either the formation of decay of the 
390 nm species solvent kinetic isotope effect (SKIE) experiments were 
performed. Experiments in D2O were performed in parallel with experiments in 
H2O using mtSirA stocks from the same preparation (Figure 5.9). In D2O buffer 
the 390 nm species forms but reaches a maximum value at c.a. 250 - 300 ms, 
where this species reaches a maximum at 100 ms in H2O buffer (Figures 5.5, 
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  =
K1k2[S]
K1[S] + 1
+ k 2 (5.2)
390 nm
E + S ES EXK1 k2k-2Scheme 5.2
5.9). Analysis of multiple trials yields an SKIE for kform of 2.8 ± 0.1 and an SKIE at 
unity for kdecay at 1.0 ± 0.3 (Table 5.1). These experiments suggest that a proton 
transfer is involvement in the step(s) leading up to the 390 nm species but not in 
its decay.   
5.3.7. Rapid freeze quench EPR – Attempts to trap the 100 ms species using 
rapid freeze quench techniques were carried out, and the samples analyzed by 
EPR (Figure 5.10). In total, three 100 ms time points and one 15 ms time point 
were collected. No EPR signals were observed in any of these four samples. 
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Figure 5.9. Solvent kinetic isotope effect for mtSirA reaction with sulfite. Data recorded 
in photomultiplier mode. Blue trace shows experiments recorded in H2O buffer, 20 mM 
HEPES, 100 mM NaCl, pH 7 25°C. Red trace shows experiments recorded in D2O, 20 
mM HEPES, 100 mM NaCl, pD 7, 25°C. 16 µM mtSirA (siroheme), 25 equivalents 
Ti(III) citrate, mixed 1:1 with 2 mM sulfite. D2O data fit to Eq 5.1. 
While the 100 ms time points resulted in greenish-brown powder that could be 
fairly easily packed into an EPR tube, the very rapid flow rates associated with 
the 15 ms time point produced large powder chunks that were difficult to pack 
into and EPR tube, which likely resulted in very low recovery of sample for EPR 
analysis. This observation may suggest the absence of signal in the 15 ms 
sample is due to low sample recovery, rather than an EPR ‘silent’ species. 
5.4. DISCUSSION  
This chapter represents initial experiments employing transient-state kinetics 
methods to sulfite reduction by mtSirA. The goal of this chapter was to establish 
that a species can be detected after reacting mtSirA with sulfite, and to identify 
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Sample kform 
(H2O)
kdecay 
(H2O)
Sample kform 
(D2O)
kdecay 
(D2O)
SKIE 
kform 
SKIE 
kdecay 
82514_6 29.5 1.1 82514_19 10.5 1.3 2.8 1.0
82514_5 31.3 0.95 82514_20 12.1 1.2 0.1 0.3
81614_18 30.7 0.88 82514_21 12.1 1.2
81614_19 31.0 0.99 82314_4 10.7 0.66
82314_5 10.5 0.73
82314_6 10.6 0.74
AVERAGE 30.6 0.98 11.1 1.0
STDEV 0.8 0.1 0.8 0.3
Table 5.1. Rates of kform and kdecay in H2O and D2O buffers.
initial parameters that define the detected species. While interpretation of the 
precise nature of the detected species is limited, in large part because of the 
uncertainty in cofactor loading, these data represent and important first step in 
the detection and characterization of potential reaction intermediates that occur 
along the mtSirA reaction pathway. Information that can be learned about the 
sulfite reductase system from these data is discussed below. 
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Figure 5.10. EPR spectra of representative RFQ samples at 100 ms and 15ms aging 
times and 100 µM as-purified mtSirA for comparison. Samples were collected by 
mixing 400 µM mtSirA (via bradford) reduced with 3 mM EuII-DTPA and mixed 1:1 with 
2 mM sodium sulfite, in 20 mM HEPES, 100 mM NaCl, pH 7, 25°C. Reactions were 
quenched in cold isopentane (-130 to -140°C). EPR spectra recorded at 2.51 mW 
power, 100 kHz modulation frequency, 10 G modulation amplitude, 20 dB gain. 
5.4.1. The 390 nm species exhibits unique siroheme environment and rates 
that suggest catalytic competence – Initial analysis of the spectrum of the 390 nm 
species, extracted from stopped-flow experiments under conditions where kdecay 
is slow, (Figure 5.7B), exhibits spectral features distinct from both the reduced 
and as-purified enzyme (Figure 5.4). These results counter the hypothesis that 
the formation of the 390 nm species simply represents the rapid oxidation of the 
enzyme when it reacts with substrate (see below, section 5.4.3). Based on these 
data, an alternative hypothesis may be that this spectrum represents a mtSirA 
species that is distinct from the as-purified and reduced mtSirA, and is bound to 
either product, a reaction intermediate, or a reaction side-product (i.e. an off-
pathway species). However, the possibility that the species represents a complex 
involving a partially unloaded (i.e. siroheme only) form of mtSirA can not be ruled 
out. 
Similar results to those presented above obtained when two-electron reduced 
E. coli sulfite reductase hemoprotein was reacted with excess sulfite, where the 
product of that reaction resulted in a Uv-Vis spectrum distinct from both the 
oxidized and reduced enzyme (See Janick et al 1983, Figure 7).  
One criterion for a reaction intermediate to be considered catalytically 
competent, is that the observed reaction rates must be at least as fast as the 
steady state rates for conversion of substrate to product by the enzyme (Seravalli 
et al. 2002). Steady-state reaction rates for mtSirA preparations used in stopped-
flow experiments were ~2 s-1 with respect to electron consumption, or ~0.3 s-1 
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with respect to sulfite, relative to concentration of total protein. If only mtSirA 
loaded with siroheme is taken into account, the steady state rate for mtSirA is ~1 
s-1 with respect to sulfite. In either case, these rates are within 3-fold of the kdecay, 
and are ~30-fold slower than kform. The measured rates in stopped-flow 
experiments therefore satisfy this criterion for catalytic competence and supports, 
but certainly does not prove, the hypothesis that both the formation and decay of 
the 390 nm species are reactions that can occur on the sulfite reduction pathway.  
However, it is important to note that further support of the catalytic 
competence of the 100 ms species would involve detection of the formation of 
product after build-up of the species, and/or exhibition of rates of product 
formation on a time-scale similar to the decay of the 100 ms species. Therefore 
further evidence of catalytic competence should be obtained before this 
conclusion can be definitively made. Nevertheless, the detected species appears 
to be distinct from both the as-purified and reduced forms of mtSirA and 
additionally passes at least one test of catalytic competence. 
5.4.2. The 390 nm species results from a multi-step reaction that involves 
proton transfers – An important preliminary question about the 100 ms species is 
if it is a collision complex between the enzymes and substrate; an ES species. If 
the 100 ms species were an ES species, the rate of its formation should increase 
linearly with substrate concentration (Johnson 1992). The saturation behavior of 
the dependence of kform on substrate concentration indicates that the process 
involves both the formation of the initial enzyme substrate collision complex, as 
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well as a subsequent change in the state of this substrate-enzyme complex, 
(Scheme 5.2, Figure 5.8). If this process only consists of the formation of a 
collision complex, without a change in the state of this enzyme-substrate 
complex, there would not be curvature in the substrate dependence (Johnson 
1992). This altered enzyme complex could be an intermediate, enzyme bound to 
product, or an altered conformational state (Johnson 1992). While these data do 
not offer any insight into the identity of the altered enzyme-substrate state, or if it 
is on the reaction pathway of sulfite to sulfide, the presence of curvature does 
suggest the 100 ms species is not an enzyme-substrate collision complex. 
The apparent SKIE for the formation reaction indicates that this step also 
involves transfer of protons. Because protonation events occur during the 
reaction pathway, the subsequent reaction may involve a chemical 
transformation of substrate, either to an enzyme-bound intermediate species or 
an enzyme-bound product species.  
The kdecay reaction, on the other hand, exhibits an SKIE at unity (see Section 
5.3.6), and exhibits a rate that is essentially unchanged with substrate 
concentration. Assuming this reaction is on pathway, there are two possible 
scenarios: either this process is the first order decay of a reaction intermediate, 
or this process represents the reformation of the reduced enzyme after it is 
rapidly oxidized by sulfite. The requirement for a relatively large excess of 
reductant in order to observe this decay does suggest that there is a 
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considerable energetic barrier that must be overcome for this reaction to 
proceed. 
While the interpretation of the dependence of reductant concentration on 
kdecay should be approached cautiously due to the problems with cofactor loading, 
it can concluded that there is at least a qualitative dependence of kdecay on the 
reductant concentration (Figure 5.7). Based on these observations it can be 
preliminarily proposed that kdecay involves a redox event.   
5.4.3.  A simple model describing the formation and decay of the 390 nm 
species – An important step in interpreting the data presented above is to 
determine if the detected species is a enzyme complex (such as a reaction 
intermediate), or simply some unbound form of the enzyme. These two 
possibilities are presented in Scheme 5.3. 
In this particular scheme, reduced enzyme binds substrate with a second 
order rate constant of ~104 M-1 s-1 (See Section 5.3.5) forming the enzyme 
substrate complex. At this point, the substrate dependence data suggests that a 
a subsequent step occurs after binding. Two general possibilities involving the 
formation of the 390 nm species then emerge: either the 390 nm species is 
oxidized (unbound) mtSirA (Scheme 5.3., red path), or it is a species distinct from 
both the reduced and resting oxidized enzyme (Scheme 5.3., blue path). If the 
detected species were indeed an enzyme complex [SirA·X], distinct from 
oxidized or reduced mtSirA (Scheme 5.3, blue pathway), this would open the 
door to a wide range of additional experiments aimed at identifying its precise 
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nature and would further our understanding of sulfite reductase reactivity. 
Alternatively, the red pathway would instead suggest that the detected species is 
not a reaction intermediate, and is instead simply oxidized enzyme.   
If the case of the blue pathway, the 390 nm species is either enzyme bound to 
a reaction intermediate, or enzyme bound to product, or alternatively an off-
pathway species. In any case, an additional step must occur, and the enzyme is 
then converted to an additional intermediate and/or the oxidized enzyme, through 
a redox step, before the enzyme can be reduced and a subsequent substrate 
can bind. The assignment of this step as a redox event is based on the 
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Scheme 5.3. Two possible identities of the 390 nm species.
observation of a reductant concentration dependence on the rate of decay. 
Perhaps most importantly, the Uv-Vis spectrum of the 390 nm species appears to 
be distinct from both the oxidized and reduced enzyme, which is predicted by the 
blue pathway and not the red pathway (Figure 5.4).  
All together, the data presented here (discussed above) are more consistent 
with the blue pathway, where a species distinct from as-purified or reduced 
mtSirA [SirA·X] forms in two steps, and then decays in a redox-dependent 
manner  (Scheme 5.3). The identity of the species, or whether this species is on-
pathway can not be definitively assessed with these data, but future studies 
should focus on providing further evidence that the detected species is an on-
pathway reaction intermediate during the reduction of sulfite by mtSirA. 
5.4.4.  The detected species may be EPR silent – The RFQ data presented in 
this chapter could provide some insight into the nature of the identity of the 100 
ms species. While the absence of signals in the 100 ms time point RFQ samples 
could be due to low packing factors (i.e. a combination of dilution of the sample in 
cryosolvent and percent recovery of frozen powder into the EPR tube), it was 
observed that EPR tubes packed with frozen powder from 100 ms aging times 
were brownish green, indicating that mtSirA was present. On the other hand, it 
was observed that the crystals collected with a 15 ms aging time were very 
difficult to pack and very little sample may have been recovered into the EPR 
tube. This was likely due to the faster flow rate for the 15 ms experiment (3.98 
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mL/s versus 1.04 mL/s for the 100 ms aging time), which resulted in crystals that 
were more difficult to pack due to clumping.  
If the 100 ms species is indeed EPR silent, this suggests that mtSirA is in a 
siroheme2+-[4Fe-4S]2+ oxidation state, where both cofactors are expected to be 
EPR silent. In such a state, electron transfer would have occurred from the 
[4Fe-4S] cluster to the siroheme, and the [4Fe-4S] cluster would not yet be 
reduced by additional reducing equivalents, a one-electron transformation. In 
such a model, one (or perhaps more) of the transformations predicted to occur in 
Figure 5.1B would be further broken down into additional steps, which would then 
allow for the inclusion of potentially EPR-silent species (Figure 5.11). This 
scheme is not intended to be a mechanistic proposal resulting from the 
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Figure 5.11. The proposed SiR reaction scheme could potentially be further broken 
down. In this refined model, the 100 ms species may be one of several intermediate 
steps (red arrows) that occurs within the transformations predicted in the scheme 
(black arrows). 
presented data, and is instead however, simply meant to further suggest that one 
interpretation of the data presented may suggest the steps represented in the 
scheme proposed by Crane and colleagues (Crane et al. 1997) are 
oversimplified. However, the identity of the potential XS-siroheme2+-[4Fe-4S]2+ is 
unclear, and it is therefore not known at which stage in the catalytic scheme the 
100 ms species would lie. Additionally, the potential siroheme2+-[4Fe-4S]2+  state 
may explain the apparent dependence on reductant concentration of the decay 
rate of this species, where the decay of the 100 ms species, as observed in 
stopped-flow experiments, would represent the input of electrons required to 
reduce the [4Fe-4S] cluster. EPR silent signals have also been observed in RFQ 
experiments involving the reaction of two-electron reduced EcSiR and sulfite (see 
section 5.1.2).  
An important caveat of these results is the low cofactor loading of mtSirA and 
have determined an average siroheme loading of ~0.32. Further studies building 
off of this work, aiming to provide more detailed mechanistic insight to the sulfite 
reductase mechanism, will require fully loaded mtSirA. Indeed, Schnell and co-
workers reported that only a small fraction of expressed mtSirA was loaded with 
siroheme, even with co-expression of the siroheme maturing enzyme CysG, 
although it was assumed, probably incorrectly, that all unloaded mtSirA was 
insoluble (Schnell et al. 2005). Additionally, the ratio of siroheme to [4Fe-4S] 
cluster loading is not known. In either case, the interpretation of the number of 
reducing equivalents required for the reaction should be approached cautiously.  
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5.5.  CONCLUSIONS 
This study represents the first characterization of a potential reaction 
intermediate that occurs during the full six-electron reduction of sulfite to sulfide. 
Overall, this chapter provided preliminary evidence that a species can be 
detected, using stopped-flow absorbance spectroscopy, during the reduction of 
sulfite by mtSirA. While the precise nature of this species has not been identified 
here, the data presented suggest the possibility that the species represents an 
mtSirA-bound species that results from the reaction of mtSirA with sulfite. 
Preliminary analysis of derived rates also suggests, although does not prove, that 
the species is a catalytically competent intermediate. Importantly, the absence of 
EPR signals for the potential intermediate species observed, combined with 
similar results obtained by Janick and colleagues for EcSiR (Janick et al. 1983) 
could suggest that the scheme proposed for EcSiR by Crane and colleagues 
(Crane et al. 1997) needs to be readjusted to include potentially EPR silent 
species. Importantly, the presence of a species comprising a ferrous siroheme 
and [4Fe-4S]2+ cluster could also suggest chemistry occurring in single electron 
steps, rather than coordinated two-electron transfer as predicted by the proposed 
scheme. 
All together, the combined data represent an important first step in applying 
transient-state kinetic methods to the mechanism of reduction of sulfite by sulfite 
reductase. While more precise interpretation of this data is limited by the lack of 
enzyme fully loaded with cofactor, time scales and conditions required for the 
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formation of the species are now known, and serve as an important starting point 
for future analyses. Future efforts should focus on increasing the cofactor loading 
of mtSirA samples and then applying additional spectroscopic methods to identify 
the nature of this potential reaction intermediate. 
 164
CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 
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6.1 Conclusions and future directions – The nitrite and sulfite reductase 
enzymes that are the focus of this thesis are well-studied members of the Multi-
Heme and Nitrite/Sulfite Reductase-Like Half-Domain-containing oxidases and 
reductases, respectively. However, when these enzymes are placed within the 
broader context of other proteins that contain their respective domains (Figures 
1.2, 1.4), it becomes clear that these proteins represent only a small subset of a 
diverse group of proteins that utilize similar domains. Mapping biochemically 
characterized proteins onto the sequence similarity networks illustrates that this 
sequence diversity also yields functional diversity, and highlights the fact that 
multi-electron that sulfite and nitrite reductase chemistry represents just one of 
many reactions that can be catalyzed by these domains. Importantly, while many 
of the clusters within the sequence similarity networks contain known proteins, 
many of the clusters contain proteins with unknown functions. Therefore, Chapter 
1 is a roadmap for future studies of the Multi-Heme and Nitrite/Sulfite Reductase-
Like Half-Domain-containing oxidases and reductases, highlighting both what is 
known as well as what is unknown. This dissertation therefore expands our 
understanding of multi-electron chemistry catalyzed by two sulfite and nitrite 
reductases (Chapters 2 - 5), while simultaneously providing a better view of what 
remains to be studied.  
By performing a biochemical analysis of one member from each of the groups 
discussed in Chapter 1, the Nitrite/Sulfite Reductase-Like Half-Domain-
containing Mycobacterium tuberculosis sulfite reductase and the multi-heme 
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Shewanella oneidensis cytochrome c nitrite reductase, previously unknown 
details of how this class of enzymes controls multi-electron chemistry have 
emerged.  
Chapters 2 and 3 highlight how electron and proton-coupled redox events are 
controlled during catalysis by ccNiR. Major findings presented in these chapters 
suggest that the six-electron reaction of nitrite to ammonia catalyzed by this 
enzyme is carried out in a series of one-electron events, and additionally that 
catalytic proton-coupled redox events are tuned by hydrogen-bonding networks 
within the ccNiR active site. Importantly, it is likely that since there is an 
evolutionary relationship (Klotz et al. 2008) between the pentaheme ccNiRs and 
the octaheme enzymes discussed in Chapter 1, these catalytic properties 
exhibited by ccNiR may apply to the octaheme enzymes as well. Indeed an 
interesting future direction would be to use electrochemistry to probe proton-
coupled redox events in the octaheme enzymes, such as OTR and octaheme 
SirA. Since many of these octaheme enzymes presumably carry out multi-
electron multi-proton chemistry, it will be useful to assess if the use of conserved 
hydrogen bonding networks is a general strategy employed by these enzymes to 
carry out such complex chemistry.  
Considering the finding that ccNiR likely does not contain electronically 
coupled heme cofactors, discussed in Chapter 2, it will be interesting to 
determine if some or perhaps all of the octaheme enzymes also contain hemes 
that are not electronically coupled. It is still not understood why single electron 
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steps are advantageous to ccNiR, considering the siroheme SiRs and NiRs 
utilize electronically coupled cofactors to carry out their chemistry (see Chapters 
3 and 4).  
An important additional outstanding question for the ccNiRs, and the multi-
heme enzymes in general, is precise role of the additional hemes in these 
enzymes, as well as why these enzymes are multimers. Presumably, the 
additional hemes are involved in electron transfer, either to the active site within a 
protomer or, as it has been suggested for HAO, across the subunit interface to an 
active site in a separate protomer (Mowat and Chapman 2005). Chapter 2 
proposes the possibility that electrons can pass between across the dimer 
interface in ccNiR, and also suggests the presence of further communication 
between subunits for this enzymes. Indeed, it may be the case that the multiple 
hemes and multimeric nature of the multi-heme reductases ensures the fully 
reduced enzymes have ample reducing equivalents available to complete their 
respective multi-electron reactions. Future work should focus of these questions.   
Chapter 4 focused on additional important aspect of the sulfite and nitrite 
reductase family of enzymes, namely, whether a covalent linkage between a Cys 
and a Tyr residue plays a role in catalysis, and how the SiRs and NiRs govern 
substrate specificity. The data presented in this thesis suggest that this covalent 
linkage between the Cys and Tyr residues is likely not directly involved in 
catalysis, settling nearly a decade of speculation over its functional role (Schnell 
et al 2005). The data presented also suggest that substrate specificity in mtSirA 
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may be partially governed by amino acid Try69 (involved in the Cys-Tyr linkage), 
possibly by influencing the environment of the siroheme cofactor. It will be 
important to systematically assess all of the additional residues that may be 
involved in substrate specificity, in order to determine precisely how the sulfite 
and nitrite reductases are specific for sulfite and nitrite respectively. Focus should 
be made on residues that house, and possibly influence the electronic 
environment of, the siroheme cofactor.  
The findings of Chapter 4 may also translate to the multi-heme enzymes, as 
the octaheme sulfite reductase (Kern et al. 2011, Shirodkar et al. 2011) evolved 
from the pentaheme enzymes, which includes the nitrite reductase ccNiR. Active 
site residues that differ between the octaheme SiRs and pentaheme and 
octaheme NiRs could be probed with mutagenesis to determine which residues 
are responsible for switching substrate specificity. If, as Chapter 4 suggests, the 
heme environment, rather than only active site residues that bind the substrate, 
are important for substrate specificity in mtSirA as well as other SiRs and NiRs, 
this information could have broad implications for the design of catalysts that can 
catalyze multi-electron chemistry.  
Chapter 5 provided spectroscopic evidence for the detection of a reaction 
intermediate in mtSirA. Importantly, the results presented in this chapter could be 
used to guide future experiments that utilize transient-state methods to probe 
multi-electron chemistry in sulfite reductases. An advantage to using the 
monomeric mtSirA enzyme, rather than the multimeric enzymes, is the simplicity 
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of cofactor content in these enzymes. Expanding the findings within Chapter 5 
will likely be a crucial step in understanding multi-electron enzymatic reactions, 
as similar experiments will be difficult with the multi-heme enzymes, due to the 
presence of overlapping spectral features due to the multiple heme cofactors in 
these enzymes. Future work should focus on expanding on the results and 
improving the methods presented in Chapter 5, specifically focusing on improving 
cofactor loading in mtSiR (see below). 
All together this thesis significantly adds to our understand of the sulfite and 
nitrite reductase family of enzymes, and multi-electron chemistry in general. 
While it will be important to expand our understanding of the diversity of reactivity 
exhibited by the siroheme and multi-heme enzymes, especially with regard to 
their capabilities as multi-electron catalysts, a continued focus on the relatively 
well-studied members of this family to elucidate fine details of function, such as 
what has been presented in this thesis, will prove to be equally important.  
6.2 Potential strategies for improving siroheme loading – A number of 
modifications to the mtSirA purification protocol were tested without any apparent 
improvement to siroheme loading. This included inclusion or exclusion of glycerol 
to avoid solubilizing apo-mtSirA, as well as protocols employing both phosphate 
and HEPES buffer systems.  
Attempts were also made to modify the mtSirA expression protocol, which 
involves co-expression of mtSirA with CysG from Salmonella typhimurium, in an 
attempt to overcome the limiting siroheme cofactor (Wu et al. 1991, Schnell et al. 
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2005) CysG is an enzyme involved in the biosynthesis of siroheme, catalyzing 
the conversion of uroporphyrinogen III to siroheme (Wu et al. 1991, Spencer et 
al. 1993, Stroupe et al. 2003). Modifications to the expression protocol included 
increasing level of arabinose used for induction of CysG expression, as well as 
adjusting the spacing between induction of CysG expression and induction of 
mtSirA expression in order to allow time for CysG to accumulate before mtSirA is 
expressed. These modifications did not appear to be widely successful.  
The Salmonella typhimurium sulfite reductase is an NADPH-dependent SiR, 
similar to the E. coli SiR (see Chapter 1) (Murphy et al. 1974, Goldman and Roth 
1993). The oligomeric NADPH-dependent SiRs cluster separately from the 
ferredoxin-dependent SiRs (such as mtSirA) in sequence similarity networks 
analyses (Figure 1.3). This suggests the possibility that CysGs for NADPH-
dependent and ferredoxin SiRs are distinct, and could explain the low loading of 
siroheme when MtSiR is co-expressed with Salmonella typhimurium CysG (see 
Chapter 5). Indeed, sequence similarity network analysis of bacterial CysG 
sequences results in three primary clusters at an E-value cutoff of 10e-63 (Figure 
6.1). Cluster 1 contains CysG from M. tuberculosis and M. smegmatis, where 
Cluster 2 contains CysG from E. coli and S. typhimurium.  
 Analysis of the organization of conserved domains within Clusters 1 and 2 
are shown in Figure 6.2. CysG sequences from both Clusters 1 and 2 share two 
domains, a NAD binding domain and a SUMT domain, a region which houses the 
NAD binding site and active site of CysG respectively (Stroupe et al. 2003). 
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However, only the Cluster 2 CysG sequences (E. coli and S. typhimurium) 
contain a “CysG dimeriser site (Stroupe et al. 2003, Marchler-Bauer et al. 2013) 
suggesting the possibility that CysG proteins in Cluster 1 are monomers rather 
than dimers like the CysG proteins in Cluster (Stroupe et al. 2003).   
Based on this analysis, it is likely that mtSirA siroheme loading could be 
improved by using the CysG from M. tuberculosis. It is possible that Cluster 1 
CysG enzymes are better suited to load ferredoxin SiRs. In any case, these 
studies strongly suggest that future siroheme-containing protein expression 
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MtCysG
MsCysG
StCysG
EcCysG
Cluster 1
Cluster 2
Cluster 3
Figure 6.1. Sequence similarity network of CysG sequences. A BLAST search of the 
refSeq database “CysG siroheme” yielded an initial pool of 5159 bacterial sequences. 
Sequences retrieved on Jan 21, 2015. 1000 were randomly selected using 
CytoBLAST. Also included were CysG sequences from Mycobacterium tuberculosis, 
MtCysG (gi: 392387476, 148662688, 490005175); Mycobacterium smegmatis, 
MsCysG, (gi:399986970); Escherichia coli (EcCysG), (gi:15803881); and Salmonella 
typhimurium, StCysG, (gi:16766765). Interaction E-value threshold  = 10e-63. 
Information on sequences in Appendix 3.
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. 
systems which include co-expression of CysG should account for species 
dependent differences that exist among CysGs, and a suitable CysG source 
should be included. Future studies of mtSiR should certainly include co-
expression with CysG from Mycobacterium.   
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APPENDIX 1 
LIST OF SEQUENCES USED IN CHAPTER 1 SEQUENCE SIMILARITY 
NETWORKS OF THE NITRITE/SULFITE REDUCTASE FERREDOXIN-LIKE 
HALF DOMAIN 
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Table A1.1 – Cluster B1: Protein GI numbers and descriptions of proteins in Cluster B1 (Figure 
1.3).
Protein GI Protein Description
82702275 nitrite and sulfite reductase 4Fe-4S region [Nitrosospira multiformis ATCC 25196].
82699095 nitrite/sulfite reductase ferredoxin subunit [Brucella abortus 2308].
704428244 sulfite reductase [Bordetella bronchiseptica].
691007723 sulfite reductase [Acinetobacter baumannii].
686183288 sulfite reductase, partial [Pseudomonas aeruginosa].
686105160 sulfite reductase, partial [Pseudomonas aeruginosa].
662039058 sulfite reductase [Synechococcus sp. NKBG042902].
659879154 sulfite reductase [Ochrobactrum sp. UNC390CL2Tsu3S39].
658439707 hypothetical protein [Candidatus Calescibacterium nevadense].
657873423 sulfite reductase [Bordetella hinzii].
657031645 nitrite reductase [Pedobacter borealis].
654999237 sulfite reductase [Chitinibacter tainanensis].
654995758 sulfite reductase [Chitinimonas koreensis].
654745211 nitrite reductase [Burkholderia pseudomallei].
654489526 MULTISPECIES: sulfite reductase [Halomonas].
654453324 sulfite reductase [Pseudomonas sp. URMO17WK12:I12].
654449397 sulfite reductase [Pseudomonas sp. URMO17WK12:I8].
654444123 MULTISPECIES: sulfite reductase [Pseudomonas].
654431430 sulfite reductase [Pseudomonas syringae].
654387535 sulfite reductase [Massilia alkalitolerans].
654323086 sulfite reductase [Marinobacter sp. HL-58].
654303015 sulfite reductase [Burkholderia bannensis].
653373734 sulfite reductase [Rhizobium sullae].
653143845 nitrite reductase [Aquimarina latercula].
652388512 sulfite reductase [Pleomorphomonas koreensis].
652384180 nitrite reductase [Polaromonas sp. EUR3 1.2.1].
652379713 nitrite reductase [Polaribacter sp. Hel_I_88].
652311136 nitrite reductase [Flavobacterium daejeonense].
651315681 nitrite reductase [Acidocella facilis].
648481316 hypothetical protein [Asticcacaulis benevestitus].
647579458 sulfite reductase [Pseudomonas sp. CHM02].
647497533 sulfite reductase [Pseudomonas chlororaphis].
640715215 sulfite reductase [Achromobacter sp. DH1f].
640289068 ferredoxin--nitrite reductase [[Ruminococcus] gnavus].
639473417 sulfite reductase [Pseudomonas syringae].
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568204361 putative sulfite reductase [Magnetospirillum gryphiswaldense].
56697476 sulfite reductase, putative [Ruegeria pomeroyi DSS-3].
563565138 MULTISPECIES: sulfite reductase [Mesorhizobium].
557679786 Sulfite reductase [NADPH] hemoprotein beta-component [Lutibaculum baratangense].
555500235 hypothetical protein [Acinetobacter gyllenbergii].
553795518 sulfite reductase [Pseudomonas aeruginosa].
553792686 sulfite or nitrite reductase [Pseudomonas aeruginosa].
553753581 sulfite reductase [Pseudomonas aeruginosa].
551344520 sulfite reductase [Pseudomonas pelagia].
551001939 ferredoxin--nitrite reductase NirA [Clostridium saccharobutylicum].
550982188 sulfite reductase [Thalassospira lucentensis].
550701207 sulfite reductase [Pseudomonas sp. CMAA1215].
548296018 nitrite and sulphite reductase 4Fe-4S region [Acidaminococcus sp. CAG:542].
547738928 putative uncharacterized protein [Lachnospiraceae bacterium CAG:215].
546350731 ferredoxin-nitrite reductase [Veillonella sp. CAG:933].
546174451 Sulfite reductase [NADPH] hemoprotein beta-component [Psychrobacter aquaticus].
545072893 sulfite reductase [Pseudomonas sp. EGD-AK9].
545015211 nitrite/Sulfite reductase ferredoxin-like half domain protein [Peptoclostridium difficile].
544665847 Sulfite reductase, beta subunit (hemoprotein) [Rubellimicrobium thermophilum].
53725627 sulfite reductase hemoprotein subunit beta [Burkholderia mallei ATCC 23344].
529143167 sulfite reductase (NADPH) hemoprotein beta-component [Candidatus Nasuia deltocephalinicola].
518779035 nitrite reductase [Bordetella sp. FB-8].
518548620 sulfite reductase [Ralstonia solanacearum].
518502262 sulfite reductase [Psychrobacter lutiphocae].
518431611 sulfite reductase [Teredinibacter turnerae].
518408270 sulfite reductase [Pseudomonas mandelii].
517729754 sulfite reductase [Rhizobium sp. 2MFCol3.1].
517265831 sulfite reductase [Bradyrhizobium sp. WSM4349].
516643276 sulfite reductase [Teredinibacter turnerae].
516270861 sulfite reductase [Pseudomonas alcaliphila].
516071914 sulfite reductase [alpha proteobacterium LLX12A].
515836546 hypothetical protein, partial [Sinorhizobium meliloti].
515701281 sulfite reductase [Pseudomonas agarici].
514966823 sulfite reductase (NADPH) hemoprotein beta-component [Acinetobacter rudis].
506310421 sulfite reductase [Methylovorus glucosotrophus].
505430239 sulfite reductase, beta subunit (hemoprotein) [Clostridium pasteurianum].
Table A1.1 – Cluster B1: Protein GI numbers and descriptions of proteins in Cluster B1 (Figure 
1.3).
Protein GI Protein Description
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505348321 Sulfite reductase, beta subunit (hemoprotein) [Faecalitalea cylindroides].
505315236 sulfite or nitrite reductase [Pseudomonas aeruginosa].
505233409 nitrite/sulfite reductase hemoprotein beta subunit [beta proteobacterium CB].
504687966 sulfite reductase [Phaeobacter gallaeciensis].
504668441 sulfite reductase, contains SirA-like domain [Melioribacter roseus].
503973599 sulfite reductase [Acinetobacter calcoaceticus].
503453987 nitrite reductase [Fluviicola taffensis].
503396664 nitrite reductase [Pedobacter saltans].
503210468 sulfite reductase (ferredoxin) [Paludibacter propionicigenes].
501373489 nitrite reductase [Burkholderia phymatum].
501184595 sulfite reductase [Gluconacetobacter diazotrophicus].
501011701 sulfite reductase (ferredoxin) [Alkaliphilus metalliredigens].
500996805 sulfite reductase [Sphingomonas wittichii].
50086003 sulfite reductase [Acinetobacter sp. ADP1].
500129054 nitrite reductase [Acidovorax sp. JS42].
499619330 sulfite reductase [Cupriavidus pinatubonensis].
499451436 hypothetical protein [Wolinella succinogenes].
499123953 Ferredoxin--sulfite reductase [Cyclobacteriaceae bacterium AK24].
498343867 sulfite reductase [Ochrobactrum anthropi].
498011980 sulfite reductase [Acinetobacter lwoffii].
497919162 hypothetical protein [Clostridium arbusti].
497627777 nitrite/sulfite reductase family protein, partial [Burkholderia pseudomallei].
497371699 MULTISPECIES: sulfite reductase [Pseudomonas].
497261211 sulfite reductase [gamma proteobacterium IMCC3088].
497259240 sulfite reductase [Celeribacter baekdonensis].
497103084 sulfite reductase [gamma proteobacterium HIMB55].
496596070 MULTISPECIES: nitrite and sulphite reductase 4Fe-4S domain-containing protein [Anaerostipes].
496494786 nitrite/sulfite reductase ferredoxin domain protein [Anaerostipes hadrus].
496346617 nitrite reductase [Nitritalea halalkaliphila].
495305409 sulfite reductase [Pseudomonas sp. GM60].
495233712 nitrite reductase [Pelosinus fermentans].
495097670 sulfite reductase [Rhizobium sp. CF142].
493929512 hypothetical protein [Anaerotruncus colihominis].
492923157 nitrite reductase [Burkholderia graminis].
492755876 ferredoxin-nitrite reductase [Fusobacterium varium].
492476581 sulfite reductase [Sagittula stellata].
Table A1.1 – Cluster B1: Protein GI numbers and descriptions of proteins in Cluster B1 (Figure 
1.3).
Protein GI Protein Description
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492095144 sulfite reductase (NADPH) hemoprotein, beta-component, partial [Pseudomonas amygdali].
491124687 hypothetical protein [Acinetobacter johnsonii].
491029884 MULTISPECIES: hypothetical protein [Acinetobacter].
490785798 hypothetical protein [Acinetobacter bohemicus].
490464284 putative sulfite reductase [Thauera linaloolentis].
490296658 MULTISPECIES: sulfite reductase [pseudomallei group].
489634977 sulfite reductase [Rhizobium leguminosarum].
489575813 ferredoxin-nitrite reductase [Clostridium perfringens].
489215372 sulfite or nitrite reductase, partial [Pseudomonas aeruginosa].
489188790 MULTISPECIES: sulfite reductase [Pseudomonas].
488772950 sulfite reductase, beta subunit (hemoprotein) [Clostridium pasteurianum BC1].
488772873 sulfite reductase, beta subunit (hemoprotein) [Clostridium pasteurianum BC1].
488645313 hypothetical protein [Clostridium butyricum].
478477008 sulfite or nitrite reductase [Pseudomonas aeruginosa B136-33].
412340309 sulfite reductase [Bordetella bronchiseptica 253].
407934006 CysI-like sulfite reductase protein [Acinetobacter baumannii TYTH-1].
403518168 sulfite reductase subunit beta [Burkholderia pseudomallei BPC006].
400754828 nitrite/sulfite reductase [Phaeobacter gallaeciensis 2.10].
390941499 sulfite reductase subunit beta (hemoprotein) [Sulfurospirillum barnesii SES-3].
387122663 sulfite reductase subunit beta (hemoprotein) [Acinetobacter baumannii MDR-TJ].
386020870 sulfite reductase [Pseudomonas stutzeri DSM 4166].
384361653 nitrite/sulfite reductase [Peptoclostridium difficile BI1].
375135926 sulfite reductase [Acinetobacter calcoaceticus PHEA-2].
374329584 nitrite/sulfite reductase, hemoprotein beta-component, ferrodoxin domain protein [Pseudovibrio sp. FO-BEG1].
338212018 ferredoxin--nitrite reductase [Runella slithyformis DSM 19594].
326791607 ferredoxin--nitrite reductase [Clostridium lentocellum DSM 5427].
313201314 nitrite and sulfite reductase 4fe-4S region [Methylovorus sp. MP688].
302382608 nitrite and sulfite reductase 4Fe-4S region [Brevundimonas subvibrioides ATCC 15264].
300312399 sulfite reductase subunit beta [Herbaspirillum seropedicae SmR1].
294011570 ferredoxin-nitrite reductase [Sphingobium japonicum UT26S].
260687671 nitrite/sulfite reductase [Peptoclostridium difficile R20291].
260684011 nitrite/sulfite reductase [Peptoclostridium difficile CD196].
226939539 CysI [Laribacter hongkongensis HLHK9].
189023432 sulfite reductase (NADPH) hemoprotein beta-component [Brucella abortus S19].
188585721 ferredoxin--nitrite reductase [Natranaerobius thermophilus JW/NM-WN-LF].
17988049 sulfite reductase (ferredoxin) [Brucella melitensis bv. 1 str. 16M].
Table A1.1 – Cluster B1: Protein GI numbers and descriptions of proteins in Cluster B1 (Figure 
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172063414 nitrite/sulfite reductase hemoprotein subunit beta [Burkholderia ambifaria MC40-6].
170733816 sulfite reductase (ferredoxin) [Burkholderia cenocepacia MC0-3].
167647229 nitrite/sulfite reductase hemoprotein subunit beta [Caulobacter sp. K31].
152986756 sulfite reductase [Pseudomonas aeruginosa PA7].
126700047 nitrite/sulfite reductase [Peptoclostridium difficile 630].
Table A1.1 – Cluster B1: Protein GI numbers and descriptions of proteins in Cluster B1 (Figure 
1.3).
Protein GI Protein Description
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Table A1.2 – Cluster B2: Protein GI numbers and descriptions of proteins in Cluster B2 (Figure 
1.3).
Protein GI Protein Description
94985507 ferredoxin--nitrite reductase [Deinococcus geothermalis DSM 11300].
703216147 sulfite reductase, partial [Kibdelosporangium aridum].
694055840 sulfite reductase [Rhodococcus fascians].
686040819 sulfite reductase [Mycobacterium tuberculosis].
685989210 sulfite reductase [Mycobacterium tuberculosis].
664581393 sulfite reductase [Streptomyces sp. NRRL S-15].
664570902 sulfite reductase [Streptomyces sp. NRRL S-1831].
664528990 sulfite reductase [Streptomyces sp. NRRL WC-3774].
664526626 sulfite reductase [Streptomyces olivaceus].
664470546 sulfite reductase [Streptomyces sp. NRRL S-1813].
664455893 sulfite reductase, partial [Streptomyces sp. NRRL F-4835].
664391321 sulfite reductase [Streptomyces sp. NRRL S-384].
664329800 sulfite reductase [Streptomyces sp. NRRL F-2747].
664053094 sulfite reductase [Streptomyces anulatus].
664045351 sulfite reductase [Streptomyces sclerotialus].
664012973 sulfite reductase [Streptomyces cyaneofuscatus].
663987277 sulfite reductase [Streptomyces exfoliatus].
663762510 sulfite reductase [Rhodococcus erythropolis].
663747328 sulfite reductase [Nocardia rhamnosiphila].
663697534 sulfite reductase [Lentzea albidocapillata].
663337227 sulfite reductase [Micromonospora parva].
663252805 sulfite reductase [Streptomyces catenulae].
663215643 sulfite reductase [Streptomyces violens].
662085103 sulfite reductase, partial [Streptomyces resistomycificus].
662085102 sulfite reductase, partial [Streptomyces resistomycificus].
662041397 sulfite reductase [Streptomyces lavendulae].
659845031 sulfite reductase [Nocardia brasiliensis].
657338264 sulfite reductase [Mycobacterium tuberculosis].
657263429 sulfite reductase [Mycobacterium sp. UM_WWY].
657241408 ferredoxin--nitrite reductase [Bosea sp. 117].
655161662 ferredoxin--nitrite reductase [Paenibacillus harenae].
654818291 sulfite reductase [Arthrobacter sp. UNC362MFTsu5.1].
654384141 sulfite reductase [Marmoricola sp. URHB0036].
653459550 ferredoxin--nitrite reductase [Bradyrhizobium sp. WSM2254].
653295292 ferredoxin--nitrite reductase [Deinococcus pimensis].
651945421 ferredoxin--nitrite reductase [Fictibacillus gelatini].
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651281561 sulfite reductase [Actinomadura oligospora].
648630730 sulfite reductase [Salinispora pacifica].
648581128 sulfite reductase [Salinispora pacifica].
639256440 MULTISPECIES: ferredoxin--nitrite reductase [Afipia].
639208083 ferredoxin--nitrite reductase [Synechococcus sp. NKBG15041c].
638980859 sulfite reductase [Mycobacterium iranicum].
558873991 sulfite reductase [Streptomycetaceae bacterium MP113-05].
546582637 Ferredoxin--nitrite reductase [Paenibacillus sp. P22].
545332388 nitrite/sulfite reductase ferredoxin domain protein [Actinomyces johnsonii].
523652889 Ferredoxin--sulfite reductase [Mycobacterium sp. 012931].
522732260 Ferredoxin--sulfite reductase [Mycobacterium marinum].
522206647 precorrin-3B synthase [Acidobacteriaceae bacterium KBS 89].
522118209 sulfite reductase [Amycolatopsis alba].
518771411 sulfite reductase [Nocardia sp. BMG111209].
518757524 ferredoxin-nitrite reductase [Paenibacillus sp. HW567].
517625704 sulfite reductase [Salinispora arenicola].
517409940 sulfite reductase [Corynebacterium pilosum].
516214320 sulfite reductase [Nocardiopsis gilva].
516206459 sulfite reductase [Nocardiopsis xinjiangensis].
515242338 MULTISPECIES: ferredoxin-nitrite reductase [Paenibacillus].
507063172 ferredoxin-nitrite reductase [Bacillus cereus].
506337837 ferredoxin-nitrite reductase [Methylobacterium extorquens].
506280306 sulfite reductase [Actinosynnema mirum].
505169395 ferredoxin-dependent nitrite reductase, NirA_1 [Mycobacterium liflandii].
504629480 sulfite reductase [Mycobacterium chubuense].
504498020 ferredoxin--nitrite reductase [Deinococcus gobiensis].
503603853 sulfite reductase [Isoptericola variabilis].
503266746 ferredoxin-nitrite reductase [Rhodopseudomonas palustris].
503181813 sulfite reductase [Rhodococcus hoagii].
503138658 ferredoxin-nitrite reductase [Paenibacillus polymyxa].
503077300 ferredoxin-nitrite reductase [Paenibacillus polymyxa].
503053386 sulfite reductase [Micromonospora aurantiaca].
502901907 ferredoxin--nitrite reductase [Arcobacter nitrofigilis].
502807120 precorrin-3B synthase [Coraliomargarita akajimensis].
501202985 sulfite reductase [Renibacterium salmoninarum].
500901096 sulfite reductase [Salinispora tropica].
500227879 sulfite reductase [Corynebacterium glutamicum].
Table A1.2 – Cluster B2: Protein GI numbers and descriptions of proteins in Cluster B2 (Figure 
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Protein GI Protein Description
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499611578 sulfite reductase [Thermobifida fusca].
499072409 Sulfite reductase (ferredoxin) 2 [Tetrasphaera elongata].
498220742 sulfite reductase [Brachybacterium squillarum].
496697962 ferredoxin-nitrite reductase [Afipia sp. 1NLS2].
496523955 hypothetical protein [Actinomyces sp. oral taxon 849].
496482734 sulfite reductase [Streptomyces sp. e14].
495324891 ferredoxin-nitrite reductase [Arthrospira sp. PCC 8005].
494884441 ferredoxin-nitrite reductase [Bradyrhizobium sp. WSM471].
493969988 ferredoxin-nitrite reductase [Salinisphaera shabanensis].
493968415 ferredoxin--nitrite reductase [Cyanobium sp. PCC 7001].
493953870 sulfite reductase [Gordonia sihwensis].
493279274 sulfite reductase [Saccharomonospora xinjiangensis].
492879675 precorrin-3B synthase [Afipia broomeae].
491665957 sulfite reductase [Corynebacterium matruchotii].
491605383 sulfite reductase [Saccharomonospora glauca].
491419696 MULTISPECIES: sulfite reductase [Corynebacterium].
491341357 sulfite reductase [Gordonia rubripertincta].
490081587 MULTISPECIES: sulfite reductase [Streptomyces].
490070643 MULTISPECIES: sulfite reductase [Streptomyces].
490026041 sulfite reductase [Mycobacterium vaccae].
489944046 sulfite reductase [Corynebacterium ammoniagenes].
489345855 ferredoxin-nitrite reductase [Geobacillus thermoglucosidasius].
488877246 ferredoxin-nitrite reductase [Microcystis aeruginosa].
488078083 ferredoxin-nitrite reductase [Bacillus cereus].
47526718 nitrite reductase [Bacillus anthracis str. 'Ames Ancestor'].
452197750 Ferredoxin--sulfite reductase, bacillial type [Bacillus thuringiensis serovar thuringiensis str. IS5056].
446041797 ferredoxin-nitrite reductase [Bacillus cereus].
446041789 ferredoxin-nitrite reductase [Bacillus thuringiensis].
446041786 ferredoxin-nitrite reductase [Bacillus cereus].
446041782 ferredoxin-nitrite reductase [Bacillus anthracis].
446041781 ferredoxin-nitrite reductase [Bacillus cereus].
446041777 ferredoxin-nitrite reductase [Bacillus cereus].
446041750 ferredoxin-nitrite reductase [Bacillus cereus].
440681116 assimilatory nitrite reductase (ferredoxin) precursor [Anabaena cylindrica PCC 7122].
428775213 assimilatory nitrite reductase (ferredoxin) precursor [Halothece sp. PCC 7418].
427734147 assimilatory nitrite reductase (ferredoxin) precursor [Rivularia sp. PCC 7116].
410673726 ferredoxin--nitrite reductase NirA [Bacillus thuringiensis Bt407].
Table A1.2 – Cluster B2: Protein GI numbers and descriptions of proteins in Cluster B2 (Figure 
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397679129 sulfite reductase [Mycobacterium abscessus subsp. bolletii str. GO 06].
386856920 Ferredoxin-nitrite reductase [Deinococcus gobiensis I-0].
386735230 Nitrite reductase [Bacillus anthracis str. H9401].
386358371 sulfite reductase [Streptomyces cattleya NRRL 8057 = DSM 46488].
384218795 ferredoxin--nitrite reductase [Bradyrhizobium japonicum USDA 6].
379761046 sulfite reductase [ferredoxin] 2 [Mycobacterium intracellulare MOTT-64].
258654501 nitrite and sulfite reductase 4Fe-4S region [Nakamurella multipartita DSM 44233].
257055325 sulfite reductase, beta subunit (hemoprotein) [Saccharomonospora viridis DSM 43017].
256396474 sulfite reductase [Catenulispora acidiphila DSM 44928].
218438658 ferredoxin-nitrite reductase [Cyanothece sp. PCC 7424].
217977946 ferredoxin-nitrite reductase [Methylocella silvestris BL2].
182413555 ferredoxin-nitrite reductase [Opitutus terrae PB90-1].
15841905 nitrite reductase [Mycobacterium tuberculosis CDC1551].
158317847 sulfite reductase (ferredoxin) [Frankia sp. EAN1pec].
152991178 ferredoxin--nitrite reductase [Nitratiruptor sp. SB155-2].
119718015 assimilatory nitrite reductase (ferredoxin) [Nocardioides sp. JS614].
118464056 sulfite reductase [ferredoxin] 1 [Mycobacterium avium 104].
116671670 ferredoxin--nitrite reductase [Arthrobacter sp. FB24].
111220484 ferredoxin nitrite reductase [Frankia alni ACN14a].
Table A1.2 – Cluster B2: Protein GI numbers and descriptions of proteins in Cluster B2 (Figure 
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92114813 sulfite reductase subunit beta [Chromohalobacter salexigens DSM 3043].
84624857 sulfite reductase subunit beta [Xanthomonas oryzae pv. oryzae MAFF 311018].
78184815 sulfite reductase subunit beta [Synechococcus sp. CC9902].
727765618 sulfite reductase subunit beta [Escherichia coli].
727337524 sulfite reductase subunit beta [Pantoea sp. FF5].
727159373 sulfite reductase subunit beta [Serratia nematodiphila].
696409754 sulfite reductase subunit beta [Cronobacter malonaticus].
696375398 sulfite reductase subunit beta [Citrobacter freundii].
696323632 sulfite reductase subunit beta [Yersinia bercovieri].
696300982 sulfite reductase [Bacillus amyloliquefaciens].
695767945 MULTISPECIES: sulfite reductase subunit beta [Raoultella].
695739711 sulfite reductase subunit beta [Enterobacter cloacae].
695315975 sulfite reductase [Prochlorococcus marinus].
694131761 sulfite reductase subunit beta [Vibrio cholerae].
693099273 sulfite reductase subunit beta [Escherichia coli].
665962742 sulfite reductase subunit beta, partial [Escherichia coli].
659008632 sulfite reductase subunit beta [Vibrio parahaemolyticus].
655560750 sulfite reductase [Pseudoxanthomonas sp. J31].
647715358 sulfite reductase [Prochlorococcus sp. scB245a_519D13].
647714224 hypothetical protein, partial [Prochlorococcus sp. scB245a_518I6].
647385583 hypothetical protein, partial [Candidatus Synechococcus spongiarum].
647256097 sulfite reductase, partial [Paenibacillus graminis].
645208279 sulfite reductase subunit beta [Neisseria meningitidis].
640692352 sulfite reductase [Lysinibacillus fusiformis].
640610871 sulfite reductase, partial [Geobacillus sp. FW23].
640531747 sulfite reductase subunit beta [Pantoea sp. IMH].
639404748 sulfite reductase subunit beta [Pseudoalteromonas haloplanktis].
56414892 sulfite reductase (NADPH) hemoprotein subunit alpha [Salmonella enterica subsp. enterica serovar Paratyphi A str. 
ATCC 9150].
560130348 Sulfite reductase [NADPH] hemoprotein beta-component [Bacillus subtilis PY79].
559195613 sulfite reductase (NADPH) hemoprotein, beta-component [Flavobacterium enshiense].
556483802 sulfite reductase [NADPH] hemoprotein beta-component [Enterobacter sp. MGH 24].
555249050 sulfite reductase subunit beta [Salmonella enterica].
555234043 sulfite reductase subunit beta [Salmonella enterica].
554962741 sulfite reductase subunit beta [Salmonella enterica].
551321992 sulfite reductase subunit beta [Psychromonas hadalis].
545160223 sulfite reductase [NADPH] hemoprotein beta-component [Escherichia coli].
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545079770 sulfite reductase (NADPH) hemoprotein, beta-component [Vibrio parahaemolyticus].
529222539 sulfite reductase subunit beta [Salmonella enterica subsp. enterica serovar Pullorum str. S06004].
526222443 sulfite reductase subunit beta [Salmonella enterica subsp. enterica serovar 4,[5],12:i:- str. 08-1736].
522669172 sulfite reductase subunit beta [Alteromonas macleodii str. 'Ionian Sea U7'].
519662656 MULTISPECIES: sulfite reductase subunit beta [Geobacillus].
519078162 sulfite reductase subunit beta [Escherichia coli].
518996674 hypothetical protein [Verrucomicrobia bacterium SCGC AAA300-N18].
518995184 hypothetical protein [Verrucomicrobia bacterium SCGC AAA164-M04].
518667740 sulfite reductase subunit beta [Vibrio cholerae].
518647353 sulfite reductase [NADpH] hemoprotein beta-componentCysI [Serratia plymuthica 4Rx13].
518507034 sulfite reductase subunit beta [Rheinheimera perlucida].
518299599 sulfite reductase [Staphylococcus sp. AL1].
518276241 hypothetical protein, partial [Aeromonas sp. 159].
518271466 sulfite reductase subunit beta [Moritella marina].
516407374 sulfite reductase [Oceanobacillus kimchii].
515998643 hypothetical protein [Halomonas jeotgali].
51595110 sulfite reductase subunit beta [Yersinia pseudotuberculosis IP 32953].
515608010 sulfite reductase subunit beta [Vibrio genomosp. F10].
515161561 sulfite reductase subunit beta [Vibrio cyclitrophicus].
504941180 sulfite reductase (ferredoxin) [Calothrix sp. PCC 7507].
504929920 sulfite reductase (ferredoxin) [Rivularia sp. PCC 7116].
504514086 Sulfite reductase [NADPH] hemoprotein beta-component [Pectobacterium sp. SCC3193].
504278332 sulfite reductase [Alicyclobacillus acidocaldarius].
504272264 MULTISPECIES: sulfite reductase [Bacillus].
504119785 sulfite reductase [Sulfobacillus acidophilus].
504034195 sulfite reductase subunit beta [Serratia symbiotica].
503881156 sulfite reductase [Bacillus subtilis].
503864315 sulfite reductase [Bacillus coagulans].
503229122 MULTISPECIES: sulfite reductase subunit beta [Pseudoalteromonas].
503084367 sulfite reductase subunit beta [Dickeya dadantii].
502950360 sulfite reductase subunit beta [Xenorhabdus nematophila].
502876036 sulfite reductase [Planctomyces limnophilus].
502814885 sulfite reductase subunit beta [Shewanella violacea].
502807397 sulfite reductase [Coraliomargarita akajimensis].
502755715 sulfite reductase [Staphylococcus lugdunensis].
500468852 sulfite reductase [Synechococcus sp. RCC307].
499839671 sulfite reductase subunit beta [Candidatus Baumannia cicadellinicola].
Table A1.3 – Cluster B3: Protein GI numbers and descriptions of proteins in Cluster B3 (Figure 
1.3).
Protein GI Protein Description
 186
499827254 sulfite reductase [Chromohalobacter salexigens].
499464622 sulfite reductase subunit beta [Vibrio vulnificus].
499196459 sulfite reductase [Xylella fastidiosa].
498217726 sulfite reductase [Lentibacillus jeotgali].
498062110 sulfite reductase subunit beta [Pseudoalteromonas piscicida].
496185556 sulfite reductase subunit beta [Providencia burhodogranariea].
495975277 protein containing Nitrite and sulphite reductase 4Fe-4S region [Rhodopirellula maiorica].
495379850 sulfite reductase subunit beta [Pantoea sp. YR343].
495373433 sulfite reductase [Verrucomicrobiae bacterium DG1235].
494600016 sulfite reductase [[Oscillatoria] sp. PCC 6506].
494579684 sulfite reductase subunit beta [Neisseria bacilliformis].
494049573 MULTISPECIES: sulfite reductase (NADPH) hemoprotein beta-component [Alteromonadales].
494020895 sulfite reductase subunit beta [Vibrio coralliilyticus].
494010379 Sulfite reductase [NADPH] hemoprotein beta-component [Sphingobium japonicum].
491793031 sulfite reductase subunit beta [Actinobacillus pleuropneumoniae].
491523633 sulfite reductase subunit beta [Vibrio alginolyticus].
491161212 sulfite reductase subunit beta [Shigella dysenteriae].
490861666 sulfite reductase subunit beta [Vibrio furnissii].
490633940 nitrite/sulfite reductase, 4Fe-4S iron-sulfur cluster-binding domain protein [Leptospira weilii].
490604409 nitrite/sulfite reductase, 4Fe-4S iron-sulfur cluster-binding domain protein [Leptospira santarosai].
490530948 sulfite reductase subunit beta [Vibrio metschnikovii].
490298326 sulfite reductase (NADPH) hemoprotein, beta-component [Klebsiella pneumoniae].
489797430 sulfite reductase subunit beta [Neisseria gonorrhoeae].
488892573 sulfite reductase [Microcystis aeruginosa].
488890946 sulfite reductase subunit beta [Xanthomonas fragariae].
488886575 sulfite reductase [Microcystis aeruginosa].
488872782 Sulfite reductase (ferredoxin) [Microcystis aeruginosa].
488817462 sulfite reductase [Phaeospirillum molischianum].
487661344 sulfite reductase (NADPH) hemoprotein, beta-component [Escherichia coli].
487583089 sulfite reductase (NADPH) hemoprotein, beta-component [Escherichia coli].
487103956 sulfite reductase (NADPH) hemoprotein, beta-component [Escherichia coli].
479127141 ferredoxin-sulfite reductase [Arthrospira platensis NIES-39].
470163563 sulfite reductase hemoprotein beta-subunit CysI [Bacillus subtilis subsp. subtilis 6051-HGW].
447213474 sulfite reductase subunit beta [Shigella flexneri].
447213464 sulfite reductase subunit beta [Escherichia coli].
447213426 sulfite reductase subunit beta [Escherichia coli].
447213415 sulfite reductase subunit beta [Salmonella enterica].
Table A1.3 – Cluster B3: Protein GI numbers and descriptions of proteins in Cluster B3 (Figure 
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447213406 sulfite reductase subunit beta [Salmonella enterica].
447198422 sulfite reductase subunit beta [Vibrio cholerae].
447198421 sulfite reductase subunit beta [Vibrio cholerae].
443618794 sulfite reductase subunit beta [Escherichia coli APEC O78].
428203430 ferredoxin-sulfite reductase [Pleurocapsa sp. PCC 7327].
409246624 sulfite reductase (NADPH) hemoprotein beta-component [Salmonella enterica subsp. enterica serovar Weltevreden 
str. 2007-60-3289-1].
404488577 sulfite reductase subunit beta [Bacillus licheniformis DSM 13 = ATCC 14580].
387830605 sulfite reductase alpha subunit [Escherichia coli SE15].
387127856 sulfite reductase (NADPH) hemoprotein beta-component [Methylophaga nitratireducenticrescens].
386594497 sulfite reductase (NADPH) hemoprotein subunit beta [Escherichia coli DH1].
386342361 Sulfite reductase (NADPH) hemoprotein beta-component [Shewanella baltica OS117].
386078196 sulfite reductase hemoprotein beta-component CysI [Pantoea ananatis PA13].
386036256 sulfite reductase subunit beta [Klebsiella pneumoniae KCTC 2242].
385855243 sulfite reductase hemoprotein, beta-component [Neisseria meningitidis M01-240355].
383765937 putative NADPH--sulfite reductase hemoprotein beta-component [Phycisphaera mikurensis NBRC 102666].
350267556 sulfite reductase (NADPH) hemoprotein subunit beta [Bacillus subtilis subsp. spizizenii TU-B-10].
345300620 sulfite reductase (NADPH) hemoprotein beta-component [Enterobacter asburiae LF7a].
33519633 sulfite reductase subunit beta [Candidatus Blochmannia floridanus].
326405278 sulfite reductase [NADPH] hemoprotein beta-component [Acidiphilium multivorum AIU301].
311069864 sulfite reductase subunit beta [Bacillus atrophaeus 1942].
294828493 sulfite reductase subunit beta [Leptospira interrogans serovar Lai str. 56601].
291295239 sulfite reductase [Meiothermus ruber DSM 1279].
228916066 sulfite reductase subunit beta [Synechococcus sp. CC9311].
218701247 sulfite reductase subunit beta [Escherichia coli IAI39].
218559749 sulfite reductase subunit beta [Escherichia coli S88].
217978570 sulfite reductase subunit beta [Methylocella silvestris BL2].
188990399 sulfite reductase subunit beta [Xanthomonas campestris pv. campestris str. B100].
156932746 sulfite reductase subunit beta [Cronobacter sakazakii ATCC BAA-894].
152999456 sulfite reductase subunit beta [Shewanella baltica OS185].
146312867 sulfite reductase subunit beta [Enterobacter sp. 638].
Table A1.3 – Cluster B3: Protein GI numbers and descriptions of proteins in Cluster B3 (Figure 
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94971860 nitrite reductase (NAD(P)H) large subunit, NirB [Deinococcus geothermalis DSM 11300].
91795061 nitrite reductase (NAD(P)H) large subunit, NirB [Shewanella denitrificans OS217].
78062194 nitrite reductase (NAD(P)H), large subunit [Burkholderia lata].
728821835 nitrite reductase, partial [Sphingomonas sp. 35-24ZXX].
727814820 nitrite reductase [Xanthomonas cassavae].
727788517 nitrate reductase [Bacillus subtilis].
727746156 nitrite reductase [Staphylococcus aureus].
727736874 nitrite reductase [Acinetobacter baumannii].
727335268 nitrite reductase [Pantoea sp. FF5].
727278398 nitrite reductase [Pantoea sp. Sc1].
727276002 nitrite reductase [Pantoea vagans].
727258144 nitrite reductase [Mycobacterium avium].
727189934 nitrite reductase [Serratia marcescens].
702347577 nitrite reductase [Kushneria aurantia].
695807854 nitrite reductase [Klebsiella oxytoca].
695795060 nitrite reductase [Enterobacter aerogenes].
695791972 nitrite reductase [Enterobacter aerogenes].
695745320 nitrite reductase [Enterobacter cloacae].
695744482 nitrite reductase [Enterobacter cloacae].
695742171 nitrite reductase [Enterobacter cloacae].
695738549 nitrite reductase [Enterobacter sp. MGH 22].
695735864 nitrite reductase [Pseudomonas syringae].
695698664 nitrite reductase [Enterobacter cloacae].
695616846 nitrite reductase, partial [Staphylococcus epidermidis].
694080769 nitrite reductase [Klebsiella pneumoniae].
694072841 nitrite reductase [Klebsiella pneumoniae].
694062720 nitrite reductase [Klebsiella pneumoniae].
694041410 nitrite reductase [Rhodococcus fascians].
694025203 nitrite reductase [Rhodococcus fascians].
693163649 nitrite reductase [Escherichia coli].
693099300 nitrite reductase [Escherichia coli].
693078988 nitrite reductase [Escherichia coli].
692123786 nitrite reductase [Vibrio fluvialis].
691132712 nitrite reductase [Acinetobacter baumannii].
691001920 nitrite reductase [Acinetobacter baumannii].
686392246 nitrite reductase [Staphylococcus aureus].
686346004 nitrite reductase [Staphylococcus aureus].
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686283887 nitrite reductase [Vibrio parahaemolyticus].
686275442 nitrite reductase [Vibrio parahaemolyticus].
686269498 nitrite reductase, partial [Vibrio parahaemolyticus].
686239584 nitrite reductase [Vibrio parahaemolyticus].
686239368 nitrite reductase [Vibrio parahaemolyticus].
686238843 nitrite reductase [Vibrio parahaemolyticus].
686222788 nitrite reductase [Vibrio parahaemolyticus].
686201471 nitrite reductase [Vibrio parahaemolyticus].
686178967 nitrite reductase, partial [Pseudomonas aeruginosa].
686146954 nitrite reductase, partial [Vibrio parahaemolyticus].
686142796 nitrite reductase [Vibrio alginolyticus].
685973290 nitrite reductase [Mycobacterium tuberculosis].
671609523 nitrite reductase [Mycobacterium tuberculosis].
666664348 nitrite reductase [Pantoea sp. 3.5.1].
665839512 nitrite reductase [Halomonas sp. BJGMM-B45].
665648859 nitrite reductase [Streptomyces sp. NRRL F-5635].
664433544 nitrite reductase [Streptomyces sp. NRRL S-378].
664377964 nitrite reductase [Streptosporangium amethystogenes].
664103245 nitrite reductase [Streptomyces rimosus].
663725197 nitrite reductase [Micromonospora purpureochromogenes].
663317516 nitrite reductase [Streptomyces flavochromogenes].
663157278 nitrite reductase [Corynebacterium variabile].
663127021 nitrite reductase [Spirillospora albida].
663122054 MULTISPECIES: nitrite reductase [Actinomycetales].
662761203 nitrite reductase [Pseudomonas sp. QTF5].
662174571 nitrite reductase, partial [Streptomyces californicus].
658994682 nitrite reductase [Vibrio parahaemolyticus].
657925821 nitrite reductase [Vibrio ordalii].
657887417 nitrite reductase [Cronobacter pulveris].
657832890 nitrite reductase [Staphylococcus aureus].
657697946 nitrite reductase [Klebsiella pneumoniae].
655954655 nitrite reductase [Azohydromonas australica].
655941937 nitrite reductase [Thermithiobacillus tepidarius].
655593587 nitrite reductase [Pseudomonas umsongensis].
655329373 nitrite reductase [Rhizobium selenitireducens].
655280742 nitrite reductase [Pseudomonas mosselii].
654958005 nitrite reductase [Bacillus sp. 171095_106].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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654825480 nitrite reductase [Arthrobacter sp. I3].
654815433 nitrite reductase [Arthrobacter sp. PAO19].
654802582 nitrite reductase [Variovorax sp. JGI 0001016-C20].
654472000 nitrite reductase [Amycolatopsis taiwanensis].
654306153 nitrite reductase [Burkholderia bannensis].
654237579 nitrite reductase [Streptomyces sp. CNH099].
653069244 nitrite reductase [Bacillus sp. URHB0009].
652887893 nitrite reductase [Methylobacter tundripaludum].
651605975 nitrite reductase [Methylomonas sp. 11b].
651590954 nitrite reductase [Bacillus sp. NSP9.1].
651358330 nitrite reductase [Alkanindiges illinoisensis].
648667823 nitrite reductase [Sphingomonas sp. PR090111-T3T-6A].
648666084 nitrite reductase [Dickeya zeae].
648657242 nitrite reductase [Psychrobacter lutiphocae].
648449577 nitrite reductase [Aeromonas hydrophila].
648402543 nitrite reductase [Enterobacter hormaechei].
648183577 nitrite reductase [Klebsiella pneumoniae].
647522379 nitrite reductase [Vibrio parahaemolyticus].
647505980 nitrite reductase [Komagataeibacter kakiaceti].
647449112 nitrite reductase [Vibrio parahaemolyticus].
647428746 nitrite reductase [Vibrio parahaemolyticus].
647269964 nitrite reductase [Paenibacillus sp. 1-18].
647269163 nitrite reductase [Paenibacillus sp. 1-18].
647231843 nitrite reductase [Paenibacillus sp. 1-49].
646614417 nitrite reductase [Psychromonas sp. SP041].
646367306 nitrite reductase [Vibrio parahaemolyticus].
646363419 nitrite reductase [Vibrio parahaemolyticus].
646362410 nitrite reductase [Vibrio parahaemolyticus].
640674313 nitrite reductase [Burkholderia sp. A1].
640532737 nitrite reductase [Pantoea sp. IMH].
640202084 nitrite reductase [Arthrobacter sp. 31Y].
639553699 nitrite reductase [Vibrio parahaemolyticus].
639547795 nitrite reductase [Pseudomonas syringae].
639511348 nitrite reductase [Pseudomonas syringae].
639468983 nitrite reductase [Pseudomonas syringae].
639443627 nitrite reductase [Klebsiella pneumoniae].
638834091 nitrite reductase [Burkholderia pseudomallei].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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637152916 nitrite reductase [Bacillus safensis].
585367782 nitrite reductase [Shigella sonnei].
582968682 nitrite reductase, partial [Salmonella enterica].
568306558 nitrite reductase [Leisingera methylohalidivorans DSM 14336].
568202505 nitrite reductase [Pseudomonas sp. TKP].
567421650 nitrite reductase [Marinomonas sp. D104].
565877563 nitrite reductase [Williamsia sp. D3].
563543773 nitrite reductase [Mesorhizobium sp. LNJC384A00].
563470257 nitrite reductase [Mesorhizobium sp. LSJC265A00].
557221961 nitrite reductase (NAD(P)H) large subunit [Pseudomonas sp. VLB120].
556556070 hypothetical protein U471_03110 [Bacillus amyloliquefaciens CC178].
556477467 nitrite reductase [NAD(P)H] large subunit [Klebsiella oxytoca].
556474616 nitrite reductase [NAD(P)H] large subunit [Enterobacter sp. MGH 34].
555490916 nitrite reductase [NAD(P)H], large subunit [Acinetobacter gyllenbergii].
555230685 nitrite reductase subunit NirD [Salmonella enterica].
554960520 nitrite reductase subunit NirD [Salmonella enterica].
553801085 nitrite reductase [NAD(P)H], large subunit [Pseudomonas aeruginosa].
553791063 nitrite reductase [NAD(P)H], large subunit [Pseudomonas aeruginosa].
553741671 nitrite reductase [Leptolyngbya sp. Heron Island J].
552328282 nitrite reductase [Marinobacter sp. ES-1].
551358315 nitrite reductase [Nevskia ramosa].
549799861 NAD(P)H-dependent nitrite reductase [Rhizobium sp. IRBG74].
546322801 nitrite reductase [Bacillus licheniformis].
545244455 nitrite reductase [NAD(P)H] large subunit [Escherichia coli].
545119272 nitrite reductase [Bacillus sp. EGD-AK10].
545080836 nitrite reductase [NAD(P)H], large subunit [Vibrio parahaemolyticus].
532457798 nitrite reductase (NAD(P)H) large subunit [Amycolatopsis mediterranei RB].
530783231 nitrite reductase [Geobacillus sp. JF8].
528828603 nitrite reductase (NAD(P)H) large subunit NirB [Rhizobium etli bv. mimosae str. Mim1].
523671933 nitrite reductase [NAD(P)H], large subunit [Klebsiella pneumoniae].
522744197 Nitrite reductase [NAD(P)H] large subunit [Mycobacterium marinum].
522137415 hypothetical protein [Solimonas variicoloris].
521982271 nitrite reductase [Salinispora pacifica].
521291261 nitrite reductase subunit NirD [Enterobacter sp. R4-368].
520914409 nitrite reductase [Vibrio natriegens].
519041436 nitrite reductase [Vibrio owensii].
518853318 MULTISPECIES: nitrite reductase [Agrobacterium].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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518810615 nitrite reductase [Pannonibacter phragmitetus].
518679167 nitrite reductase subunit NirD [Aeromonas sp. MDS8].
518519274 nitrite reductase [Pseudomonas fluorescens].
518481413 nitrite reductase [Pseudomonas sp. 45MFCol3.1].
518365017 nitrite reductase [Paenibacillus ginsengihumi].
518269587 nitrite reductase subunit NirD [Moritella marina].
518222013 hypothetical protein [Bacillus endophyticus].
518193283 hypothetical protein [Pseudomonas fuscovaginae].
518156153 nitrite reductase [Streptomyces sp. TOR3209].
518087216 nitrite reductase [Bacillus subtilis].
517896758 nitrite reductase [Streptomyces sp. R1-NS-10].
517850844 MULTISPECIES: nitrite reductase [Thioalkalivibrio].
517781097 nitrite reductase [Thioalkalivibrio sp. AKL12].
517742605 nitrite reductase [Thiomonas sp. FB-6].
517696201 MULTISPECIES: nitrite reductase [Thioalkalivibrio].
517690080 MULTISPECIES: nitrite reductase [Rhizobium].
517153957 nitrite reductase [Cytophaga aurantiaca].
517087702 nitrite reductase [Teredinibacter turnerae].
516890802 nitrite reductase [Leeia oryzae].
516791279 MULTISPECIES: nitrite reductase [Streptomyces].
516626653 nitrite reductase [Paracoccus sp. N5].
516518501 nitrite reductase [Pseudomonas fuscovaginae].
516334726 nitrite reductase [Acinetobacter baumannii].
516034565 nitrite reductase [Staphylococcus epidermidis].
515992183 nitrite reductase [Vibrio vulnificus].
51598030 nitrite reductase [Yersinia pseudotuberculosis IP 32953].
515679278 nitrite reductase [Vibrio tasmaniensis].
515670782 nitrite reductase [Vibrio tasmaniensis].
515625907 nitrite reductase [Vibrio kanaloae].
515606539 nitrite reductase subunit NirD [Vibrio genomosp. F10].
515167819 nitrite reductase subunit NirD [Vibrio cyclitrophicus].
515159057 nitrite reductase subunit NirD [Vibrio cyclitrophicus].
514969806 nitrite reductase [NAD(P)H], large subunit [Acinetobacter indicus].
514965662 nitrite reductase [NAD(P)H], large subunit [Acinetobacter baumannii].
514923921 putative Nitrite reductase large subunit [Streptomyces aurantiacus].
512687123 nitrite reductase large subunit [Pseudomonas putida NBRC 14164].
511296263 nitrite reductase (NAD(P)H) large subunit [Burkholderia sp. RPE64].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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511291537 nitrite reductase [NAD(P)H], large subunit [Aeromonas hydrophila].
510920820 nitrite reductase [NAD(P)H] large subunit [Escherichia coli].
510820606 Nitrite reductase [NAD(P)H] large subunit [Arcticibacter svalbardensis].
510807182 nitrite reductase [NAD(P)H], large subunit [Enterococcus avium].
506256132 nitrite reductase [Brachybacterium faecium].
506227738 nitrite reductase [Nakamurella multipartita].
505945335 nitrite reductase subunit NirD [Vibrio vulnificus].
505402488 nitrite reductase subunit NirD [Salmonella enterica].
505072079 Nitrite reductase [NAD(P)H] large subunit [Thioalkalivibrio nitratireducens].
505055855 nitrite reductase [NAD(P)H], large subunit [Sinorhizobium meliloti].
504859519 nitrite reductase [Simiduia agarivorans].
504846379 nitrite reductase [Streptomyces venezuelae].
504674439 nitrite reductase [Pseudomonas putida].
504485460 nitrite reductase [Streptomyces hygroscopicus].
504475618 nitrite reductase [Bacillus sp. JS].
504275706 nitrite reductase [Acinetobacter baumannii].
504125195 nitrite reductase [Gordonia polyisoprenivorans].
504109197 nitrite reductase, partial [Klebsiella pneumoniae].
504099555 nitrite reductase subunit NirD [Rahnella aquatilis].
503970874 nitrite reductase [Vibrio furnissii].
503917317 nitrite reductase [Streptomyces cattleya].
503843094 nitrite reductase [Sphingobium sp. SYK-6].
503729690 nitrite reductase [Roseobacter litoralis].
503667917 nitrite reductase [Ramlibacter tataouinensis].
503365718 nitrite reductase [Arthrobacter phenanthrenivorans].
502910238 nitrite reductase [Geobacillus sp. C56-T3].
502605038 nitrite reductase [Vibrio sp. Ex25].
502597775 nitrite reductase [Gordonia bronchialis].
501409888 nitrite reductase [Erwinia tasmaniensis].
501207521 nitrite reductase [Bordetella petrii].
501081581 nitrite reductase [Citrobacter koseri].
501052634 nitrite reductase [NAD(P)H], large subunit, partial [Staphylococcus epidermidis].
501032031 nitrite reductase [NAD(P)H], large subunit [Staphylococcus epidermidis].
500539081 nitrite reductase [Sphingomonas wittichii].
500233250 nitrite reductase [Polynucleobacter necessarius].
500176621 nitrite reductase [Burkholderia pseudomallei].
499978219 nitrite reductase [Burkholderia ambifaria].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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499907635 nitrite reductase [Alcanivorax borkumensis].
499784108 nitrite reductase [Rhodoferax ferrireducens].
499408086 nitrite reductase subunit NirD [Pectobacterium atrosepticum].
498155927 nitrite reductase [Acaryochloris sp. CCMEE 5410].
498151675 nitrite reductase [Acidovorax radicis].
497964593 nitrite reductase [Pectobacterium carotovorum].
497829034 nitrite reductase [Citricoccus sp. CH26A].
497654609 nitrite reductase [Bacillus subtilis].
497578911 nitrite reductase [Burkholderia thailandensis].
497272834 nitrite reductase [NAD(P)H], large subunit [Acinetobacter sp. WC-743].
497227130 Nitrite reductase [NAD(P)H] large subunit [Caenispirillum salinarum].
497123800 nitrite reductase [Rhodococcus sp. JVH1].
496386761 nitrite reductase [Halomonas sp. GFAJ-1].
496338729 nitrite reductase [Pseudomonas chlororaphis].
496244346 nitrite reductase [Halomonas sp. HAL1].
496090987 nitrite reductase subunit NirD [Enterobacteriaceae bacterium 9_2_54FAA].
495728033 nitrite reductase large subunit NirB [Janthinobacterium sp. HH01].
495558972 nitrite reductase [gamma proteobacterium HTCC5015].
495537171 MULTISPECIES: nitrite reductase [Mycobacterium].
495347184 nitrite reductase [Novosphingobium nitrogenifigens].
495132835 nitrite reductase [Acidovorax sp. CF316].
495044118 nitrite reductase [Mycobacterium colombiense].
495011421 nitrite reductase [Burkholderia sp. BT03].
494961571 MULTISPECIES: nitrite reductase [Sphingobium].
494746882 MULTISPECIES: nitrite reductase [Acinetobacter].
493776882 nitrite reductase [Agrobacterium albertimagni].
493448118 nitrite reductase [Burkholderia multivorans].
493417060 nitrite reductase [Gordonia polyisoprenivorans].
493174283 nitrite reductase [Enterobacter cancerogenus].
493089435 nitrite reductase large subunit [Streptomyces gancidicus].
493059305 nitrite reductase [Acetobacter pomorum].
492458239 nitrite reductase [Sulfitobacter sp. EE-36].
491398473 nitrite reductase [Rhodococcus opacus].
491393996 nitrite reductase [NAD(P)H], large subunit [Acinetobacter sp. CIP 102136].
491383360 MULTISPECIES: nitrite reductase [Acinetobacter].
491338813 nitrite reductase [NAD(P)H], large subunit [Acinetobacter sp. NIPH 298].
491331102 nitrite reductase [NAD(P)H], large subunit [Acinetobacter sp. ANC 4105].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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491277046 nitrite reductase [NAD(P)H], large subunit [Acinetobacter baumannii].
491242050 nitrite reductase [NAD(P)H], large subunit [Acinetobacter lwoffii].
491129430 nitrite reductase [NAD(P)H], large subunit [Acinetobacter ursingii].
491094713 nitrite reductase subunit NirD [Serratia odorifera].
491089685 nitrite reductase subunit NirD [Serratia plymuthica].
491025119 MULTISPECIES: nitrite reductase [Acinetobacter calcoaceticus/baumannii complex].
491010868 nitrite reductase subunit NirD [Klebsiella pneumoniae].
490883221 nitrite reductase subunit NirD [Vibrio tubiashii].
490724219 nitrite reductase (NAD(P)H) large subunit [Pseudoalteromonas agarivorans].
490691046 nitrite reductase [Burkholderia pseudomallei].
490689420 nitrite reductase [Burkholderia pseudomallei].
490669165 nitrite reductase [Burkholderia pseudomallei].
490665952 nitrite reductase [Burkholderia pseudomallei].
490371326 nitrite reductase subunit NirD [Proteus mirabilis].
490302344 nitrite reductase [Burkholderia mallei].
490290333 nitrite reductase subunit NirD [Klebsiella pneumoniae].
490012371 nitrite reductase [Mycobacterium tuberculosis].
489682788 nitrite reductase [Rhizobium leguminosarum].
489593519 nitrite reductase [Agrobacterium tumefaciens].
489573524 assimilatory nitrite reductase large subunit [Xanthomonas translucens].
489433452 nitrite reductase [Brevibacillus laterosporus].
489391766 assimilatory nitrite reductase large subunit [Pseudomonas stutzeri].
489333915 assimilatory nitrate reductase (electron transfer subunit) [Bacillus subtilis].
489149135 nitrite reductase [Comamonas testosteroni].
489049650 nitrite reductase [Pseudoalteromonas haloplanktis].
488761878 nitrite reductase [Beggiatoa alba].
488118029 nitrite reductase [Bacillus cereus].
487370198 nitrite reductase [NAD(P)H], large subunit [Escherichia coli].
486405164 nitrite reductase [NAD(P)H], large subunit [Staphylococcus aureus].
486136433 nitrite reductase [NAD(P)H] large subunit [Escherichia coli].
485857730 nitrite reductase [NAD(P)H], large subunit [Escherichia coli].
485777941 nitrite reductase [NAD(P)H], large subunit [Escherichia coli].
479319257 nitrite reductase [NAD(P)H] large subunit [Streptomyces sp. PAMC26508].
471325315 Nitrite reductase [NAD(P)H] large subunit [Streptomyces davawensis JCM 4913].
470199885 Nitrite reductase [Staphylococcus aureus subsp. aureus ST228].
470195951 Nitrite reductase (NAD(P)H), large subunit [Staphylococcus aureus subsp. aureus ST228].
449089048 Nitrite reductase [Bacillus thuringiensis serovar kurstaki str. HD73].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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447041482 nitrite reductase [Staphylococcus aureus].
447041479 nitrite reductase [Staphylococcus aureus].
447041465 nitrite reductase [Staphylococcus aureus].
447041458 nitrite reductase [Staphylococcus aureus].
446702838 nitrite reductase [Acinetobacter baumannii].
446702837 nitrite reductase [Acinetobacter baumannii].
446702819 nitrite reductase [Acinetobacter baumannii].
446669606 nitrite reductase [Bacillus cereus].
446669579 nitrite reductase [Bacillus cereus].
446669568 nitrite reductase [Bacillus thuringiensis].
446669563 nitrite reductase [Bacillus thuringiensis].
446669562 nitrite reductase [Bacillus cereus].
446669544 nitrite reductase [Bacillus cereus].
446257426 nitrite reductase [Salmonella enterica].
445971404 nitrite reductase subunit NirD [Salmonella enterica].
445971377 nitrite reductase subunit NirD [Escherichia albertii].
445971374 nitrite reductase subunit NirD [Shigella flexneri].
445971371 nitrite reductase subunit NirD [Escherichia fergusonii].
445971361 nitrite reductase subunit NirD [Escherichia coli].
445971352 nitrite reductase subunit NirD [Escherichia coli].
445971336 nitrite reductase subunit NirD [Escherichia coli].
431927524 NAD(P)H-dependent nitrite reductase, large subunit [Pseudomonas stutzeri RCH2].
430757358 Assimilatory nitrate reductase electron transfer subunit [Bacillus subtilis subsp. subtilis str. BSP1].
428317367 nitrite reductase (NAD(P)H), large subunit [Oscillatoria nigro-viridis PCC 7112].
407713771 nitrite reductase (NAD(P)H) large subunit [Burkholderia phenoliruptrix BR3459a].
407704592 Histidinol-phosphatase [Bacillus thuringiensis MC28].
407682504 nitrite reductase [Alteromonas macleodii str. 'English Channel 673'].
406595540 nitrite reductase [Alteromonas macleodii ATCC 27126].
401765566 nitrite reductase subunit NirD [Enterobacter cloacae subsp. cloacae ENHKU01].
397658510 nitrite reductase [NAD(P)H] large subunit [Klebsiella oxytoca E718].
387896824 nitrite reductase (NAD(P)H) large subunit [Bacillus amyloliquefaciens Y2].
387781356 nitrite reductase large subunit [Staphylococcus aureus subsp. aureus LGA251].
386730121 nitrite reductase [NAD(P)H] large subunit [Staphylococcus aureus subsp. aureus 71193].
386020596 nitrite reductase [NAD(P)H] large subunit [Pseudomonas stutzeri DSM 4166].
384132555 Nitrite reductase, large subunit, nucleotide-and Fe/S-cluster binding protein [Acinetobacter baumannii 1656-2].
37676608 NAD(P)H-nitrite reductase [Vibrio vulnificus YJ016].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
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350264572 nitrite reductase [NAD(P)H], large subunit [Bacillus subtilis subsp. spizizenii TU-B-10].
343086392 nitrite reductase (NAD(P)H) large subunit [Cyclobacterium marinum DSM 745].
332716620 nitrite reductase large subunit [Agrobacterium sp. H13-3].
317049877 nitrite reductase (NAD(P)H) large subunit [Pantoea sp. At-9b].
296129618 nitrite reductase (NAD(P)H) large subunit [Cellulomonas flavigena DSM 20109].
291300213 nitrite reductase (NAD(P)H) large subunit [Stackebrandtia nassauensis DSM 44728].
289549096 nitrite and sulfite reductase 4Fe-4S region [Thermocrinis albus DSM 14484].
262201360 nitrite reductase (NAD(P)H) large subunit [Gordonia bronchialis DSM 43247].
261405905 nitrite reductase (NAD(P)H) large subunit [Paenibacillus sp. Y412MC10].
260870092 nitrite reductase, large subunit, NAD(P)H-binding [Escherichia coli O111:H- str. 11128].
253771808 nitrite reductase (NAD(P)H), large subunit [Escherichia coli 'BL21-Gold(DE3)pLysS AG'].
229590873 putative nitrite reductase [Pseudomonas fluorescens SBW25].
224477382 NirB [Staphylococcus carnosus subsp. carnosus TM300].
222151587 nitrite reductase large subunit [Macrococcus caseolyticus JCSC5402].
21231455 nitrite reductase [Xanthomonas campestris pv. campestris str. ATCC 33913].
184158450 NAD(P)H-nitrite reductase [Acinetobacter baumannii ACICU].
183980544 nitrite reductase NAD(P)H large subunit [Mycobacterium marinum M].
183222123 nitrite reductase large subunit [Leptospira biflexa serovar Patoc strain 'Patoc 1 (Paris)'].
163857953 assimilatory nitrite reductase large subunit [Bordetella petrii DSM 12804].
158336347 nitrite reductase [NAD(P)H], large subunit [Acaryochloris marina MBIC11017].
157961635 nitrite reductase (NAD(P)H) large subunit [Shewanella pealeana ATCC 700345].
157372827 nitrite reductase (NAD(P)H), large subunit [Serratia proteamaculans 568].
157145550 hypothetical protein CKO_01293 [Citrobacter koseri ATCC BAA-895].
148653350 nitrite reductase (NAD(P)H) large subunit [Psychrobacter sp. PRwf-1].
146302351 nitrite reductase (NAD(P)H) large subunit [Flavobacterium johnsoniae UW101].
13472534 nitrite reductase large subunit [Mesorhizobium loti MAFF303099].
134093703 nitrite reductase [Herminiimonas arsenicoxydans].
119961098 nitrite reductase [NAD(P)H], large subunit [Arthrobacter aurescens TC1].
117928951 assimilatory nitrite reductase (NAD(P)H) large subunit [Acidothermus cellulolyticus 11B].
116049729 assimilatory nitrite reductase large subunit [Pseudomonas aeruginosa UCBPP-PA14].
Table A1.4 – Cluster B4: Protein GI numbers and descriptions of proteins in Cluster B4 (Figure 
1.3).
Protein GI Protein Description
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Table A1.5 – Cluster B5: Protein GI numbers and descriptions of proteins in Cluster B5 (Figure 
1.3).
Protein GI Protein Description
696498769 oxidoreductase [Pseudomonas sp. GM102].
696253795 oxidoreductase [Pseudomonas sp. GM78].
659882148 precorrin-3B synthase [Ochrobactrum sp. UNC390CL2Tsu3S39].
659677645 oxidoreductase [Pseudomonas putida].
655188361 oxidoreductase [Pseudomonas sp. 2-92(2010)].
653585871 oxidoreductase [Pseudomonas sp. MOIL14HWK12:I2].
651862381 precorrin-3B synthase [Pseudomonas aeruginosa PAO581].
647316323 MULTISPECIES: oxidoreductase [Pseudomonas].
639507159 oxidoreductase [Pseudomonas syringae].
639479370 oxidoreductase [Pseudomonas syringae].
639470414 oxidoreductase [Pseudomonas syringae].
566142597 oxidoreductase [Pseudomonas moraviensis].
560146924 COBG protein [Brucella ceti TE10759-12].
558020590 Cobalamin biosynthesis protein CobG [Burkholderia cenocepacia].
553756595 precorrin-3B synthase [Pseudomonas aeruginosa].
553755479 precorrin-3B synthase [Pseudomonas aeruginosa].
518480423 oxidoreductase [Pseudomonas sp. 45MFCol3.1].
518201440 oxidoreductase [Pseudomonas aeruginosa].
505288258 precorrin-3B synthase [Pseudomonas denitrificans].
504415628 oxidoreductase [Pseudomonas aeruginosa].
501332252 precorrin-3B synthase [Burkholderia ambifaria].
500013569 precorrin-3B synthase [Burkholderia cenocepacia].
499651518 oxidoreductase [Pseudomonas fluorescens].
497859847 oxidoreductase [Pseudomonas sp. PAMC 25886].
497563444 oxidoreductase [Pseudomonas aeruginosa].
495344277 oxidoreductase [Pseudomonas sp. GM79].
493521919 precorrin-3B synthase [Burkholderia cenocepacia].
493103583 precorrin-3B synthase [Brucella melitensis].
493042500 precorrin-3B synthase [Brucella abortus].
395445670 precorrin-3B synthase [Pseudomonas putida ND6].
340790903 precorrin-3B synthase [Brucella pinnipedialis B2/94].
186472015 precorrin-3B synthase [Burkholderia phymatum STM815].
163843549 precorrin-3B synthase [Brucella suis ATCC 23445].
116054436 oxidoreductase [Pseudomonas aeruginosa UCBPP-PA14].
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Table A1.6 – Cluster B6: Protein GI numbers and descriptions of proteins in Cluster B6 (Figure 
1.3).
Protein GI Protein Description
657646208 (4Fe-4S)-binding protein [Clostridium algidicarnis].
646499870 (4Fe-4S)-binding protein [Oscillospiraceae bacterium VE202-24].
548178804 dissimilatory sulfite reductase (Desulfoviridin) alpha and beta subunits [Roseburia sp. CAG:471].
547898347 dissimilatory sulfite reductase (Desulfoviridin) alpha and beta subunits [Firmicutes bacterium CAG:227].
547862832 4Fe-4S binding domain protein [Firmicutes bacterium CAG:424].
545023879 nitrite/Sulfite reductase ferredoxin-like half domain protein, partial [Peptoclostridium difficile].
544953555 nitrite/Sulfite reductase ferredoxin-like half domain protein [Peptoclostridium difficile].
515986432 nitrite and sulfite reductase subunit [Clostridium tunisiense].
500750158 sulfite/nitrite reductase [Clostridium botulinum].
496656306 nitrite reductase [Clostridium sp. 7_3_54FAA].
495813475 pyridine nucleotide-disulfide oxidoreductase [Megamonas funiformis].
479206419 Uncharacterized NAD(FAD)-dependent dehydrogenases [Megamonas hypermegale ART12/1].
479176277 Dissimilatory sulfite reductase (desulfoviridin), alpha and beta subunits [Ruminococcus obeum A2-162].
479154963 Dissimilatory sulfite reductase (desulfoviridin), alpha and beta subunits [Ruminococcus sp. SR1/5].
374317568 dissimilatory sulfite reductase (desulfoviridin), alpha/beta subunit [Sphaerochaeta pleomorpha str. Grapes].
28210901 anaerobic sulfite reductase subunit C [Clostridium tetani E88].
260687052 nitrite and sulfite reductase subunit [Peptoclostridium difficile R20291].
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 Table A1.7 – Cluster B7: Protein GI numbers and descriptions of proteins in Cluster B7 (Figure 
1.3).
Protein GI Protein Description
658538532 coenzyme F420 hydrogenase [Dorea sp. AGR2135].
654780776 coenzyme F420 hydrogenase [Pseudobutyrivibrio sp. MD2005].
654467933 hypothetical protein [Anaeroarcus burkinensis].
652830085 coenzyme F420 hydrogenase [Lachnospiraceae bacterium NK4A144].
652446854 sulfite reductase [Geobacter bremensis].
548189475 dissimilatory sulfite reductase (Desulfoviridin) alpha and beta subunits [Ruminococcus sp. CAG:330].
546961349 4Fe-4S binding domain protein [Eubacterium sp. CAG:146].
503168769 nitrite and sulfite reductase 4Fe-4S region [Caldicellulosiruptor hydrothermalis].
499712733 nitrite reductase [Moorella thermoacetica].
491567943 hypothetical protein [[Ruminococcus] obeum].
385789538 putative sulfite reductase [Fibrobacter succinogenes subsp. succinogenes S85].
333996496 nitrite/sulfite reductase, 4Fe-4S iron-sulfur cluster-binding domain-containing protein [Treponema primitia ZAS-2].
312127756 nitrite and sulfite reductase 4Fe-4S region [Caldicellulosiruptor hydrothermalis 108].
Table A1.8 – Cluster B8: Protein GI numbers and descriptions of proteins in Cluster B8 (Figure 
1.3).
Protein GI Protein Description
702798533 cobalamin biosynthesis protein CobG [Streptomyces lydicus].
702602812 cobalamin biosynthesis protein CobG [Streptomyces virginiae].
695892755 cobalamin biosynthesis protein CobG [Streptomyces sp. W007].
685973385 precorrin-3B synthase [Mycobacterium tuberculosis].
664552023 hypothetical protein [Streptomyces sp. NRRL WC-3742].
664251172 cobalamin biosynthesis protein CobG [Streptomyces sp. NRRL F-5008].
664209422 cobalamin biosynthesis protein CobG, partial [Streptomyces lavendulae].
664141192 cobalamin biosynthesis protein CobG, partial [Streptomyces sp. NRRL B-1347].
663223783 hypothetical protein, partial [Streptomyces violens].
663121981 MULTISPECIES: hypothetical protein [Actinomycetales].
648668315 precorrin-3B synthase [Amycolatopsis nigrescens].
648656231 precorrin-3B synthase [Rhodococcus sp. 29MFTsu3.1].
556569682 precorrin-3B synthase [Actinoplanes friuliensis DSM 7358].
551292093 precorrin-3B synthase [Frankia sp. Iso899].
525674701 precorrin-3B synthase [Mycobacterium tuberculosis EAI5].
523913713 cobalamin biosynthesis protein CobG [Mycobacterium yongonense 05-1390].
518527285 hypothetical protein, partial [Mycobacterium avium].
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518184538 hypothetical protein [Streptomyces sp. AA1529].
516796603 MULTISPECIES: hypothetical protein [Streptomyces].
515261655 precorrin-3B synthase [Corynebacterium diphtheriae].
504739648 precorrin-3B synthase [Gordonia sp. KTR9].
504613322 precorrin-3B synthase [Corynebacterium pseudotuberculosis].
504336197 precorrin-3B synthase [Corynebacterium pseudotuberculosis].
504076426 precorrin-3B synthase [Corynebacterium diphtheriae].
502711680 precorrin-3B synthase [Geodermatophilus obscurus].
498153837 cobalamin biosynthesis protein CobG [Streptomyces somaliensis].
490031030 precorrin-3B synthase [Mycobacterium vaccae].
451944182 hypothetical protein A605_07270 [Corynebacterium halotolerans YIM 70093 = DSM 44683].
399988184 cobalamin biosynthesis protein CobG [Mycobacterium smegmatis str. MC2 155].
387136550 precorrin-3B synthase [Corynebacterium pseudotuberculosis 42/02-A].
378771795 putative cobalamin biosynthesis protein [Mycobacterium bovis BCG str. Mexico].
357408772 cobalamin biosynthesis protein CobG [Streptomyces cattleya NRRL 8057 = DSM 46488].
345011370 nitrite/sulfite reductase hemoprotein beta-component ferrodoxin domain-containing protein [Streptomyces 
violaceusniger Tu 4113].
Table A1.8 – Cluster B8: Protein GI numbers and descriptions of proteins in Cluster B8 (Figure 
1.3).
Protein GI Protein Description
Table A1.9 – Cluster B9: Protein GI numbers and descriptions of proteins in Cluster B9 (Figure 
1.3).
Protein GI Protein Description
658502901 sulfite reductase subunit C [Clostridium sp. Ade.TY].
654789342 sulfite reductase [Pseudobutyrivibrio ruminis].
585345769 sulfite reductase subunit C [Escherichia coli].
56412572 anaerobic sulfite reductase subunit C [Salmonella enterica subsp. enterica serovar Paratyphi A str. ATCC 9150].
553304792 hypothetical protein [Cetobacterium somerae].
552904445 MULTISPECIES: sulfite reductase, subunit C [Fusobacterium].
547450391 anaerobic sulfite reductase subunit C [Fusobacterium sp. CAG:649].
545011377 nitrite and sulphite reductase 4Fe-4S domain protein [Peptoclostridium difficile].
544953748 sulfite reductase, subunit C [Peptoclostridium difficile].
544870684 sulfite reductase [Clostridium sp. BL8].
516035278 sulfite reductase subunit C [Salmonella enterica].
505124177 sulfite reductase, subunit C [Thermoanaerobacterium thermosaccharolyticum].
503062491 sulfite reductase subunit C [Thermoanaerobacterium thermosaccharolyticum].
499911655 sulfite reductase [Clostridium perfringens].
497583219 sulfite reductase [Peptoclostridium difficile].
496571251 sulfite reductase subunit C [Erysipelotrichaceae bacterium 3_1_53].
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496028834 sulfite reductase [Lachnoanaerobaculum saburreum].
496000398 MULTISPECIES: sulfite reductase subunit C [unclassified Clostridiales (miscellaneous)].
495210686 MULTISPECIES: sulfite reductase [Pelosinus].
493947914 sulfite reductase subunit C [Salmonella enterica].
492563395 sulfite reductase [Fusobacterium mortiferum].
491503611 sulfite reductase subunit C [Aeromonas veronii].
488935129 sulfite reductase [Peptostreptococcus anaerobius].
488776442 sulfite reductase, subunit C [Desulfotomaculum gibsoniae DSM 7213].
488647194 MULTISPECIES: sulfite reductase subunit C [Clostridiales].
488644084 sulfite reductase, subunit C [Clostridium butyricum].
487391548 sulfite reductase subunit C [Salmonella enterica].
445983442 sulfite reductase subunit C [Escherichia albertii].
400927423 anaerobic sulfite reductase subunit C [Peptoclostridium difficile 630].
383497238 anaerobic sulfite reductase subunit C [Salmonella enterica subsp. enterica serovar Typhimurium str. 798].
29140839 anaerobic sulfite reductase subunit C [Salmonella enterica subsp. enterica serovar Typhi str. Ty2].
161502296 hypothetical protein SARI_00327 [Salmonella enterica subsp. arizonae serovar 62:z4,z23:- str. RSK2980].
150015671 sulfite reductase subunit C [Clostridium beijerinckii NCIMB 8052].
Table A1.9 – Cluster B9: Protein GI numbers and descriptions of proteins in Cluster B9 (Figure 
1.3).
Protein GI Protein Description
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Table A1.10 – Cluster B10: Protein GI numbers and descriptions of proteins in Cluster B10 
(Figure 1.3).
Protein GI Protein Description
654879639 precorrin-3B synthase [Bradyrhizobium elkanii].
654627643 precorrin-3B synthase [Donghicola xiamenensis].
654589687 cobalamin biosynthesis protein CobG [Sphingomonas phyllosphaerae].
654487672 cobalamin biosynthesis protein CobG [Halomonas sp. 19A_GOM-1509m].
653527715 precorrin-3B synthase [Bradyrhizobium sp. WSM1743].
653406961 precorrin-3B synthase [Bradyrhizobium sp. Ec3.3].
652395676 hypothetical protein [Pleomorphomonas oryzae].
640622247 hypothetical protein [Sulfitobacter sp. NB-68].
568282766 precorrin-3B synthase [Leisingera methylohalidivorans DSM 14336].
550954463 precorrin-3B synthase [Pseudorhodobacter ferrugineus].
517920422 precorrin-3B synthase [Komagataeibacter europaeus].
517849626 hypothetical protein [Halomonas lutea].
499398581 hypothetical protein [Bradyrhizobium diazoefficiens].
496467862 precorrin-3B synthase [Silicibacter sp. TrichCH4B].
339502189 precorrin-3B synthase CobG [Roseobacter litoralis Och 149].
Table A1.11 – Cluster B11: Protein GI numbers and descriptions of proteins in Cluster B11 
(Figure 1.3..).
Protein GI Protein Description
83590441 sulfite reductase, dissimilatory-type alpha subunit [Moorella thermoacetica ATCC 39073].
661271510 sulfite reductase [Desulfonauticus sp. A7A].
654865385 sulfite reductase [Desulfobulbus elongatus].
568207680 Sulfite reductase, dissimilatory-type subunit alpha [Magnetospirillum gryphiswaldense].
543963882 sulfite reductase, dissimilatory-type alpha subunit [Sulfuricella denitrificans skB26].
518844986 MULTISPECIES: sulfite reductase [Desulfovibrio].
506230930 sulfite reductase [Desulfohalobium retbaense].
501451802 sulfite reductase [Chlorobium phaeobacteroides].
499240169 sulfite reductase [Desulfovibrio vulgaris].
499234993 sulfite reductase [Chlorobaculum tepidum].
494099953 sulfite reductase [Thiorhodococcus drewsii].
490193699 sulfite reductase [Acetonema longum].
117925446 sulfite reductase, dissimilatory-type subunit alpha [Magnetococcus marinus MC-1].
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Table A2.1. – Cluster C1: Protein GI numbers and descriptions of proteins in Cluster C1 (Figure 
1.4).
Protein GI Protein Description
148244666 hypothetical protein COSY_0517 [Candidatus Vesicomyosocius okutanii HA].
148262530 hypothetical protein Gura_0447 [Geobacter uraniireducens Rf4].
152990984 hypothetical protein NIS_1240 [Nitratiruptor sp. SB155-2].
152991881 hypothetical protein SUN_0285 [Sulfurovum sp. NBC37-1].
188997660 hypothetical protein SYO3AOP1_1762 [Sulfurihydrogenibium sp. YO3AOP1].
189424769 cytochrome C family protein [Geobacter lovleyi SZ].
189910149 hypothetical protein LBF_0590 [Leptospira biflexa serovar Patoc strain 'Patoc 1 (Ames)'].
197120388 cytochrome c [Geobacter bemidjiensis Bem].
225873133 hypothetical protein ACP_1507 [Acidobacterium capsulatum ATCC 51196].
268317307 hypothetical protein Rmar_1754 [Rhodothermus marinus DSM 4252].
297568125 hypothetical protein DaAHT2_0137 [Desulfurivibrio alkaliphilus AHT2].
307720750 hypothetical protein Saut_0829 [Sulfurimonas autotrophica DSM 16294].
383454576 hypothetical protein COCOR_02580 [Corallococcus coralloides DSM 2259].
397689150 hypothetical protein MROS_0147 [Melioribacter roseus P3M-2].
446742377 hypothetical protein [Leptospira interrogans].
470480044 hypothetical protein PCNPT3_10060 [Psychromonas sp. CNPT3].
487895782 cytochrome c554 and C-prime [Leptospira interrogans].
488722724 hisitidine kinase [Planctomyces maris].
488731137 hypothetical protein [Blastopirellula marina].
488858327 hypothetical protein [Leptonema illini].
490649075 cytochrome C [Geobacter metallireducens].
490922931 cytochrome C554 and C-prime [Leptospira meyeri].
492848524 cytochrome C [Desulfuromonas acetoxidans].
493519465 hypothetical protein [endosymbiont of Tevnia jerichonana].
494033830 hypothetical protein [Plesiocystis pacifica].
494425878 putative heme protein [planctomycete KSU-1].
494548006 hisitidine kinase [Rhodopirellula baltica].
495612195 hypothetical protein [Sulfurimonas gotlandica].
495893503 hypothetical protein [Magnetospirillum sp. SO-1].
495947287 Tetratricopeptide TPR_2 repeat protein [Rhodopirellula europaea].
495948853 putative membrane protein [Rhodopirellula sallentina].
495969657 putative membrane protein [Rhodopirellula maiorica].
497536995 hypothetical protein [Mariprofundus ferrooxydans].
498098123 cytochrome C554 and C-prime [Leptospira inadai].
498319543 hypothetical protein [Aeromonas dhakensis].
498360235 hypothetical protein [Aeromonas caviae].
499182950 hypothetical protein [Aquifex aeolicus].
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499246028 cytochrome C [Geobacter sulfurreducens].
500054890 cytochrome C [Pelobacter propionicus].
500421637 hypothetical protein [Calyptogena okutanii thioautotrophic gill symbiont].
501029655 hypothetical protein [Nitratiruptor sp. SB155-2].
501357940 cytochrome C554 and C-prime [Leptospira biflexa].
501453248 hypothetical protein [Leptospira biflexa].
503024468 cycothcome C family protein [Desulfarculus baarsii].
503226363 hypothetical protein [Sulfuricurvum kujiense].
503270465 hypothetical protein [Desulfurispirillum indicum].
503346176 hypothetical protein [Granulicella tundricola].
503714628 MULTISPECIES: hypothetical protein [Hyphomicrobium].
504590688 hypothetical protein [Thiocystis violascens].
504599298 hypothetical protein [Terriglobus roseus].
504625976 cytochrome C [Desulfomonile tiedjei].
505071238 Cytochrome c family protein [Thioalkalivibrio nitratireducens].
505217320 hypothetical protein [Desulfocapsa sulfexigens].
505586383 cytochrome c554 and C-prime [Leptospira yanagawae].
516014358 hypothetical protein [Gayadomonas joobiniege].
516702042 hypothetical protein [Marinimicrobia bacterium SCGC AB-629-J13].
519002519 hypothetical protein [Methylobacter marinus].
521050956 hypothetical protein [Candidatus Poribacteria sp. WGA-4E].
522827429 hypothetical protein [Sorangium cellulosum].
523640455 cytochrome c554 and C-prime [Leptospira meyeri].
54308869 hypothetical protein PBPRA1680 [Photobacterium profundum SS9].
551156954 hypothetical protein [Poribacteria bacterium WGA-3G].
551229898 hypothetical protein [Thermodesulfatator atlanticus].
557390669 hypothetical protein [uncultured Desulfofustis sp. PB-SRB1].
642967714 cytochrome c554 and C-prime [Leptospira interrogans].
651321127 hypothetical protein [Acidobacteriaceae bacterium URHE0068].
654848761 hypothetical protein [Oceanospirillum beijerinckii].
655037108 hypothetical protein [Thiomicrospira chilensis].
656111281 hypothetical protein [Sedimenticola selenatireducens].
657724500 hypothetical protein [Persephonella sp. IF05-L8].
658501711 hypothetical protein [Firmicutes bacterium JGI 0000112-J22].
658542256 hypothetical protein [EM3 bacterium JGI 0000106-B10].
659850296 hypothetical protein [Desulfovibrio sp. L21-Syr-AB].
Table A2.1. – Cluster C1: Protein GI numbers and descriptions of proteins in Cluster C1 (Figure 
1.4).
Protein GI Protein Description
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696589124 hypothetical protein [Aeromonas sp. AE122].
Table A2.1. – Cluster C1: Protein GI numbers and descriptions of proteins in Cluster C1 (Figure 
1.4).
Protein GI Protein Description
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Table A2.2. – Cluster C2: Protein GI numbers and descriptions of proteins in Cluster C2 (Figure 
1.4).
Protein GI Protein Description
154174842 hydroxylamine oxidase [Campylobacter curvus 525.92].
157377496 hypothetical protein Ssed_4366 [Shewanella sediminis HAW-EB3].
189424110 hypothetical protein Glov_1044 [Geobacter lovleyi SZ].
218780406 hypothetical protein Dalk_2563 [Desulfatibacillum alkenivorans AK-01].
224367211 hydroxylamine oxidoreductase (HAO) [Desulfobacterium autotrophicum HRM2].
294054896 doubled CXXCH domain-containing protein [Coraliomargarita akajimensis DSM 45221].
30250266 hydroxylamine oxidoreductase [Nitrosomonas europaea ATCC 19718].
315453200 hydroxylamine oxidase [Helicobacter felis ATCC 49179].
325982428 hydroxylamine oxidase [Nitrosomonas sp. AL212].
374300104 hydroxylamine oxidase [Desulfovibrio africanus str. Walvis Bay].
392412572 hypothetical protein Desti_4281 [Desulfomonile tiedjei DSM 6799].
408417745 hypothetical protein TOL2_C02850 [Desulfobacula toluolica Tol2].
452851956 cytochrome c nitrite reductase, catalytic subunit (9 hemes) [Desulfovibrio piezophilus C1TLV30].
491645339 hydroxylamine oxydoreductase [Grimontia hollisae].
492796541 hypothetical protein [endosymbiont of Riftia pachyptila].
492796544 hydroxylamine oxidoreductase [endosymbiont of Riftia pachyptila].
493612608 Hydroxylamine oxidase [Helicobacter suis].
494356929 hypothetical protein [Thiocapsa marina].
494490229 hypothetical protein [Lentisphaera araneosa].
497336034 hydroxylamine oxidoreductase domain protein [Campylobacter sp. FOBRC14].
499561197 hydroxylamine reductase [Ruegeria pomeroyi].
499649772 hydroxylamine reductase [Nitrosococcus oceani].
499685712 hypothetical protein [Desulfovibrio alaskensis].
499740086 hypothetical protein [Anaeromyxobacter dehalogenans].
501518168 hypothetical protein [Anaeromyxobacter sp. K].
501746072 cytochrome C [Anaeromyxobacter dehalogenans].
502797173 hydroxylamine reductase [Nitrosococcus halophilus].
504025851 hydroxylamine oxidase [Desulfovibrio africanus].
504638125 hypothetical protein [Desulfosporosinus acidiphilus].
506427610 hypothetical protein [Desulfatibacillum alkenivorans].
511823812 hydroxylamine oxidoreductase [Agarivorans albus].
515934170 hydroxylamine reductase [Methylococcus capsulatus].
516840485 hypothetical protein [Desulfovibrio oxyclinae].
53804693 hydroxylamine oxidoreductase [Methylococcus capsulatus str. Bath].
550282031 hypothetical protein [Rubidibacter lacunae].
551594053 Hydroxylamine oxidase [Desulfovibrio hydrothermalis].
557393634 hypothetical protein [uncultured Desulfofustis sp. PB-SRB1].
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635651404 hydroxylamine reductase [Methylosarcina lacus].
652565571 hydroxylamine oxidoreductase [Aliagarivorans taiwanensis].
652583206 hydroxylamine oxidoreductase [Aliagarivorans marinus].
654861159 hydroxylamine oxidase [Desulfatibacillum aliphaticivorans].
655013550 hydroxylamine reductase, partial [Nitrosomonas cryotolerans].
77164409 hydroxylamine oxidase [Nitrosococcus oceani ATCC 19707].
82701938 hydroxylamine oxidase [Nitrosospira multiformis ATCC 25196].
Table A2.2. – Cluster C2: Protein GI numbers and descriptions of proteins in Cluster C2 (Figure 
1.4).
Protein GI Protein Description
 210
Table A2.3. – Cluster C3: Protein GI numbers and descriptions of proteins in Cluster C3 (Figure 
1.4).
Protein GI Protein Description
110807911 cytochrome c552 [Shigella flexneri 5 str. 8401].
114048852 cytochrome c552 [Shewanella sp. MR-7].
114564199 nitrite reductase (cytochrome; ammonia-forming) [Shewanella frigidimarina NCIMB 400].
127511439 nitrite reductase [Shewanella loihica PV-4].
134298569 nitrite reductase [Desulfotomaculum reducens MI-1].
150007328 cytochrome c552 [Parabacteroides distasonis ATCC 8503].
15601888 cytochrome c552 [Pasteurella multocida subsp. multocida str. Pm70].
157148007 cytochrome c552 [Citrobacter koseri ATCC BAA-895].
157961056 nitrite reductase [Shewanella pealeana ATCC 700345].
160876938 cytochrome c552 [Shewanella baltica OS195].
16131896 nitrite reductase, formate-dependent, cytochrome [Escherichia coli str. K-12 substr. MG1655].
161350017 cytochrome c552 [Haemophilus influenzae Rd KW20].
167622826 cytochrome c552 [Shewanella halifaxensis HAW-EB4].
170679805 cytochrome c552 [Escherichia coli SMS-3-5].
170725334 cytochrome c552 [Shewanella woodyi ATCC 51908].
187730383 cytochrome c552 [Shigella boydii CDC 3083-94].
197119318 cytochrome c [Geobacter bemidjiensis Bem].
197247699 cytochrome c552 [Salmonella enterica subsp. enterica serovar Agona str. SL483].
197365002 cytochrome c552 [Salmonella enterica subsp. enterica serovar Paratyphi A str. AKU_12601].
198243783 cytochrome c552 [Salmonella enterica subsp. enterica serovar Dublin str. CT_02021853].
206890271 nitrite reductase [Thermodesulfovibrio yellowstonii DSM 11347].
212633498 Nitrite reductase (cytochrome; ammonia-forming) [Shewanella piezotolerans WP3].
218561155 cytochrome c552 [Escherichia coli S88].
218562966 cytochrome c nitrite reductase cytochrome c552 subunit [Campylobacter jejuni subsp. jejuni NCTC 11168 = 
ATCC 700819].
220903367 Nitrite reductase [Desulfovibrio desulfuricans subsp. desulfuricans str. ATCC 27774].
222056193 formate-dependent nitrite reductase periplasmic cytochrome c552 subunit-like protein [Geobacter daltonii 
FRC-32].
260893725 Nitrite reductase (cytochrome; ammonia-forming) [Ammonifex degensii KC4].
261821990 cytochrome C552 [Pectobacterium wasabiae WPP163].
262393885 cytochrome c552 [Vibrio sp. Ex25].
26250878 cytochrome c552 [Escherichia coli CFT073].
269140138 cytochrome c nitrite reductase [Edwardsiella tarda EIB202].
297566391 nitrite reductase [Meiothermus silvanus DSM 9946].
308050840 Nitrite reductase (cytochrome; ammonia-forming) [Ferrimonas balearica DSM 9799].
315124796 cytochrome c552 [Campylobacter jejuni subsp. jejuni ICDCCJ07001].
317052342 nitrite reductase (cytochrome; ammonia-forming) [Desulfurispirillum indicum S5].
317154943 Nitrite reductase (cytochrome; ammonia-forming) [Desulfovibrio aespoeensis Aspo-2].
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320354077 respiratory nitrite reductase (cytochrome; ammonia-forming) [Desulfobulbus propionicus DSM 2032].
330829396 Nitrite reductase [Aeromonas veronii B565].
333924480 nitrite reductase [Desulfotomaculum carboxydivorans CO-1-SRB].
339443845 formate-dependent nitrite reductase [Eggerthella sp. YY7918].
374299411 Nitrite reductase (cytochrome, ammonia-forming) [Desulfovibrio africanus str. Walvis Bay].
375356803 putative exported cytochrome c552 [Bacteroides fragilis 638R].
37679434 cytochrome c552 [Vibrio vulnificus YJ016].
378702120 cytochrome c552, subunit of nitrite reductase complex [Salmonella enterica subsp. enterica serovar 
Typhimurium str. SL1344].
378710153 formate-dependent cytochrome c nitrite reductase, c552 subunit [Shewanella baltica OS678].
378962369 Cytochrome c-552 [Salmonella enterica subsp. enterica serovar Typhi str. P-stx-12].
378986952 cytochrome c552 [Salmonella enterica subsp. enterica serovar Typhimurium str. T000240].
378991546 cytochrome c552 [Salmonella enterica subsp. enterica serovar Typhimurium str. UK-1].
383310884 cytochrome c nitrite reductase [Pasteurella multocida subsp. multocida str. HN06].
383754948 putative cytochrome c nitrite reductase c552 subunit [Selenomonas ruminantium subsp. lactilytica TAM6421].
383763452 cytochrome c-552 [Caldilinea aerophila DSM 14535 = NBRC 104270].
384155034 cytochrome c nitrite reductase [Arcobacter butzleri ED-1].
384441955 cytochrome c552 [Campylobacter jejuni subsp. jejuni M1].
386611477 nitrite reductase, formate-dependent, cytochrome [Escherichia coli W].
387614802 cytochrome c552 [Escherichia coli ETEC H10407].
387868659 Cytochrome c552 [Edwardsiella tarda FL6-60].
390939916 formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit [Sulfurospirillum barnesii SES-3].
392401334 nitrite reductase periplasmic cytochrome c552 [Corynebacterium pseudotuberculosis Cp162].
86157337 respiratory nitrite reductase [Anaeromyxobacter dehalogenans 2CP-C].
407484199 cytochrome c nitrite reductase subunit c552 [Escherichia coli O104:H4 str. 2011C-3493].
410484745 cytochrome c nitrite reductase subunit c552 [Escherichia coli O104:H4 str. 2009EL-2050].
42524234 nitrite reductase periplasmic cytochrome c552 [Bdellovibrio bacteriovorus HD100].
431793503 formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit [Desulfitobacterium dichloroeliminans 
LMG P-21439].
446023916 cytochrome C nitrite reductase subunit c552 [Salmonella enterica].
446023921 cytochrome c nitrite reductase subunit c552 [Salmonella enterica].
446023923 cytochrome C nitrite reductase subunit c552 [Salmonella enterica].
446023935 cytochrome C nitrite reductase subunit c552 [Salmonella enterica].
446023940 cytochrome C nitrite reductase subunit c552 [Salmonella enterica].
446119016 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Escherichia].
446639363 cytochrome c nitrite reductase subunit c552 [Vibrio mimicus].
446663276 cytochrome c nitrite reductase subunit c552, partial [Salmonella enterica].
470166458 Cytochrome c-552 [Bibersteinia trehalosi USDA-ARS-USMARC-192].
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470463863 Cytochrome c552 [Edwardsiella piscicida C07-087].
485706407 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Enterobacteriaceae].
485722340 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Escherichia].
485731513 cytochrome C nitrite reductase subunit c552 [Escherichia coli].
485737819 cytochrome C nitrite reductase subunit c552 [Escherichia coli].
485743227 cytochrome C nitrite reductase subunit c552 [Escherichia coli].
485773785 cytochrome C nitrite reductase subunit c552 [Escherichia coli].
485777168 cytochrome c nitrite reductase subunit c552 [Escherichia coli].
485868011 cytochrome c-552 [Escherichia coli].
486054084 cytochrome c-552 [Escherichia coli].
486146993 MULTISPECIES: cytochrome c-552 [Escherichia].
486163846 cytochrome C nitrite reductase subunit c552 [Salmonella enterica].
486256663 cytochrome c-552 [Escherichia coli].
486377017 cytochrome c-552 [Escherichia coli].
487506049 cytochrome c-552 [Escherichia coli].
487691828 cytochrome c552 [Escherichia coli].
488376074 cytochrome C nitrite reductase subunit c552 [Shimwellia blattae].
488710670 Cytochrome c nitrite reductase, small subunit NrfH [Myxococcus sp. (contaminant ex DSM 436)].
488751612 cytochrome C nitrite reductase subunit c552 [Capnocytophaga ochracea].
488947000 cytochrome C [Campylobacter jejuni].
488952617 cytochrome C [Campylobacter jejuni].
488955702 cytochrome C [Campylobacter jejuni].
489023918 cytochrome C [Campylobacter jejuni].
489036921 nitrite reductase [Campylobacter showae].
489121934 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Citrobacter].
490382727 cytochrome C nitrite reductase subunit c552 [Providencia rettgeri].
490402902 cytochrome C [Campylobacter upsaliensis].
490506542 cytochrome C nitrite reductase subunit c552 [Prevotella oris].
490513522 hypothetical protein [Prevotella oulorum].
490645410 cytochrome C nitrite reductase subunit c552 [Arcobacter butzleri].
490973543 nitrite reductase [Anaerococcus prevotii].
491060592 cytochrome C nitrite reductase subunit c552 [Providencia stuartii].
491431737 cytochrome C nitrite reductase subunit c552 [Edwardsiella tarda].
491494741 cytochrome C nitrite reductase subunit c552 [Aeromonas veronii].
491562189 cytochrome C nitrite reductase subunit c552 [Aliivibrio fischeri].
491572122 cytochrome C [Sutterella wadsworthensis].
491587540 MULTISPECIES: cytochrome c nitrite reductase subunit c552 [Vibrio].
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491600279 cytochrome c nitrite reductase, catalytic subunit NrfA, partial [Vibrio parahaemolyticus].
491721887 cysteine hydrolase [Aggregatibacter actinomycetemcomitans].
491781664 cytochrome C nitrite reductase subunit c552 [Actinobacillus pleuropneumoniae].
491891599 cysteine hydrolase [Haemophilus influenzae].
491988866 cytochrome C nitrite reductase subunit c552 [Haemophilus paraphrohaemolyticus].
492337004 cytochrome C nitrite reductase subunit c552 [Bacteroides fragilis].
492357205 cytochrome C nitrite reductase subunit c552 [Actinobacillus minor].
492439508 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Prevotellaceae].
492476602 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Parabacteroides].
492808874 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Pectobacterium].
493549884 nitrite reductase [Austwickia chelonae].
493567459 cytochrome C nitrite reductase [Desulfotomaculum gibsoniae].
493639015 cytochrome c-552 [Kineosphaera limosa].
493840825 Nitrite reductase [Thiorhodospira sibirica].
494023760 Formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit [Desulfotignum phosphitoxidans].
494503775 cytochrome C [delta proteobacterium MLMS-1].
494788676 cytochrome C nitrite reductase [Desulfovibrio sp. A2].
494834070 cytochrome C nitrite reductase subunit c552 [Bacteroides plebeius].
494933404 cytochrome C nitrite reductase subunit c552 [Parabacteroides goldsteinii].
495060507 Cytochrome c552 [Desulfosporosinus youngiae].
495300792 cytochrome C nitrite reductase subunit c552 [Bacteroides xylanisolvens].
495793464 hypothetical protein [Dethiobacter alkaliphilus].
495817573 cytochrome C [Sutterella parvirubra].
495915253 cytochrome C nitrite reductase subunit c552 [Bizionia argentinensis].
496040368 cytochrome C nitrite reductase subunit c552 [Bacteroides sp. 1_1_6].
496086040 hypothetical protein [Burkholderiales bacterium 1_1_47].
496140018 hypothetical protein [Parasutterella excrementihominis].
496287956 cytochrome C nitrite reductase subunit c552 [Bacteroides sp. D2].
496308083 cytochrome C nitrite reductase subunit c552 [Parabacteroides sp. D13].
496486931 Cytochrome c-552 precursor [Cesiribacter andamanensis].
496519838 cytochrome C nitrite reductase subunit c552 [Prevotella sp. oral taxon 299].
497011743 nitrite reductase [Prevotella sp. oral taxon 473].
497025162 nitrite reductase [Selenomonas sp. oral taxon 138].
497168214 Cytochrome c552 precursor [Campylobacter showae].
497330719 nitrite reductase [Selenomonas sp. CM52].
497341903 nitrite reductase [Selenomonas sp. FOBRC6].
497343743 nitrite reductase [Selenomonas sp. FOBRC9].
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497419275 cytochrome C nitrite reductase [Bilophila sp. 4_1_30].
497434429 nitrite reductase [Actinomyces sp. oral taxon 448].
499127871 Cytochrome c552 precursor [Cyclobacteriaceae bacterium AK24].
499246235 cytochrome C nitrite reductase [Geobacter sulfurreducens].
499246832 cytochrome C nitrite reductase subunit c552 [Haemophilus ducreyi].
499386244 cytochrome C nitrite reductase subunit c552 [Shewanella oneidensis].
499427596 hypothetical protein [Helicobacter hepaticus].
499427597 cytochrome C [Helicobacter hepaticus].
499508222 cytochrome C nitrite reductase catalytic subunit [Symbiobacterium thermophilum].
499591625 cysteine hydrolase [Haemophilus influenzae].
499662806 cytochrome c552 [Carboxydothermus hydrogenoformans].
499780091 cytochrome C nitrite reductase [Desulfitobacterium hafniense].
499846351 cytochrome C nitrite reductase [Lawsonia intracellularis].
499940723 MULTISPECIES: cytochrome C nitrite reductase subunit c552 [Shewanella].
500006619 cytochrome c family protein [Candidatus Solibacter usitatus].
500036576 nitrite reductase [Shewanella sp. ANA-3].
500114974 nitrite reductase [Shewanella sp. W3-18-1].
500191084 nitrite reductase [Shewanella loihica].
500473951 cytochrome C [Geobacter uraniireducens].
500863052 cytochrome C nitrite reductase subunit c552 [Arcobacter butzleri].
501232995 cytochrome C nitrite reductase subunit c552 [Shewanella halifaxensis].
501238492 nitrite reductase [Heliobacterium modesticaldum].
501517085 nitrite reductase [Anaeromyxobacter sp. K].
501523420 cytochrome C nitrite reductase [Geobacter bemidjiensis].
501584275 cytochrome C nitrite reductase subunit c552 [Shewanella baltica].
501648644 cytochrome C nitrite reductase [Desulfovibrio vulgaris].
502470312 formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit [Slackia heliotrinireducens].
502604483 cytochrome C nitrite reductase subunit c552 [Vibrio sp. Ex25].
502885105 cytochrome C552 [Thermincola potens].
503281481 cytochrome C nitrite reductase [Desulfovibrio aespoeensis].
503511954 cytochrome C nitrite reductase subunit c552 [Gallibacterium anatis].
504213053 nitrite reductase [Corallococcus coralloides].
504453150 cytochrome C nitrite reductase subunit c552 [Escherichia coli].
504469355 cytochrome C nitrite reductase subunit c552 [Providencia stuartii].
504804936 cytochrome C nitrite reductase subunit c552 [Actinobacillus suis].
505070023 eight-heme nitrite reductase precursor [Thioalkalivibrio nitratireducens].
505164232 putative cytochrome c nitrite reductase catalytic subunit NrfA [Myxococcus stipitatus].
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505351896 Formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit [Gordonibacter pamelaeae].
505929062 cytochrome C nitrite reductase [Geobacter sp. M18].
506210924 cytochrome C nitrite reductase subunit c552 [Pectobacterium wasabiae].
506320870 cytochrome C nitrite reductase subunit c552 [Pectobacterium carotovorum].
507084628 MULTISPECIES: cytochrome c-552 [Citrobacter].
510926052 cytochrome c-552 [Escherichia coli].
511098271 formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit [Thermus oshimai].
512454960 hypothetical protein [Capnocytophaga granulosa].
512682561 hypothetical protein [Sutterella wadsworthensis].
514059009 cytochrome c nitrite reductase subunit c552 [Haemophilus parasuis ZJ0906].
515585837 cytochrome C nitrite reductase subunit c552 [Aliivibrio fischeri].
515622537 cytochrome C nitrite reductase subunit c552 [Vibrio kanaloae].
515658993 cytochrome C nitrite reductase subunit c552 [Vibrio splendidus].
517156764 cytochrome C nitrite reductase subunit c552 [Gallibacterium anatis].
517496760 cytochrome C nitrite reductase subunit c552 [Bacteroides gallinarum].
517542282 hypothetical protein [Campylobacter ureolyticus].
518660001 cytochrome C nitrite reductase subunit c552 [Vibrio splendidus].
518677013 cytochrome C nitrite reductase subunit c552 [Aeromonas sp. MDS8].
522821144 nitrite reductase [Sorangium cellulosum].
526090031 cytochrome C nitrite reductase subunit c552 [Salmonella enterica].
527113093 Nitrite reductase (cytochrome; ammonia-forming) [Shewanella piezotolerans].
53711711 cytochrome C552 precursor [Bacteroides fragilis YCH46].
543942924 nitrite reductase periplasmic cytochrome c552 [Vibrio alginolyticus NBRC 15630 = ATCC 17749].
544578706 Cytochrome c-552 precursor [Escherichia coli PMV-1].
545159484 cytochrome c-552 [Escherichia coli].
545163291 cytochrome c-552 [Escherichia coli].
545298140 cytochrome c-552 [Escherichia coli].
545427231 nitrite reductase [Porphyromonas gingivalis].
545448369 nitrite reductase [Selenomonas sp. oral taxon 892].
546471892 nitrite reductase [Parasutterella excrementihominis CAG:233].
546911839 nitrite reductase [Porphyromonas sp. CAG:1061].
547310270 cytochrome c-552 [Bacteroides caccae CAG:21].
547751147 cytochrome c-552 [Bacteroides sp. CAG:633].
549693329 Cytochrome c552 precursor [Campylobacter jejuni 4031].
549799103 cytochrome c552 precursor [Salmonella enterica].
550890074 hypothetical protein AEQU_0772 [Adlercreutzia equolifaciens DSM 19450].
556579221 Cytochrome c552 precursor [Campylobacter coli 15-537360].
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557308959 nitrite reductase [Youngiibacter fragilis].
557309787 formate-dependent nitrite reductase, periplasmic cytochrome c552 subunit [Campylobacter fetus].
560408085 cytochrome C nitrite reductase subunit c552 [Vibrio parahaemolyticus].
560437971 MULTISPECIES: nitrite reductase [Bacillus].
56480517 cytochrome c nitrite reductase subunit c552 [Shigella flexneri 2a str. 301].
565867561 cytochrome c552 precursor [Helicobacter fennelliae].
566073942 cytochrome c nitrite reductase subunit c552 [Salmonella enterica].
585329031 cytochrome C nitrite reductase [Escherichia coli].
585361909 cytochrome C nitrite reductase [Escherichia coli].
636807655 cytochrome C nitrite reductase [Desulfotignum balticum].
639143191 cytochrome C nitrite reductase [Serratia fonticola].
639184470 cytochrome C nitrite reductase [Edwardsiella hoshinae].
640564806 cytochrome C nitrite reductase [Bacteroides graminisolvens].
640573884 cytochrome C nitrite reductase [Porphyromonas macacae].
640699794 MULTISPECIES: cytochrome C nitrite reductase [Serratia].
644483042 cytochrome C nitrite reductase [Deferrisoma camini].
646355673 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
646365806 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
646402947 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
646449804 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
646823237 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
647480947 nitrite reductase [Campylobacter sp. CIT045].
648217585 cytochrome C nitrite reductase [Vibrio sp. 712i1].
648245238 cytochrome C nitrite reductase [Vibrio breoganii].
648635431 cytochrome C nitrite reductase [Proteiniphilum acetatigenes].
648641933 cytochrome C nitrite reductase [Rhodonellum psychrophilum].
654559180 hypothetical protein [Enterorhabdus mucosicola].
654584613 hypothetical protein [Carboxydothermus ferrireducens].
655137407 cytochrome C nitrite reductase [Desulfobulbus mediterraneus].
655361933 cytochrome C nitrite reductase [Shewanella fidelis].
655365507 nitrite reductase [Shewanella waksmanii].
655369056 nitrite reductase [Shewanella waksmanii].
655549966 cytochrome C nitrite reductase [Prevotella sp. MA2016].
655995053 cytochrome C nitrite reductase [Salinimicrobium xinjiangense].
656279111 cytochrome C nitrite reductase [Vibrio splendidus].
658632983 cytochrome C nitrite reductase, partial [Halorhodospira halochloris].
659855196 cytochrome C nitrite reductase [Prevotella sp. 10(H)].
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670478192 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
670481506 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
686163101 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
686163826 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
686200569 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
686200999 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
686201494 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
686201843 cytochrome C nitrite reductase [Vibrio parahaemolyticus].
692175321 cytochrome C nitrite reductase [Necropsobacter rosorum].
693255245 cytochrome C nitrite reductase [Escherichia coli].
695343511 cytochrome C nitrite reductase [Bacteroides fragilis].
695460730 cytochrome C nitrite reductase [Bacteroides fragilis].
696239934 cytochrome C nitrite reductase [Yersinia kristensenii].
696336537 cytochrome C nitrite reductase [Yersinia frederiksenii].
74314563 cytochrome c552 [Shigella sonnei Ss046].
94987444 chain A, cytochrome C nitrite reductase [Lawsonia intracellularis PHE/MN1-00].
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110807910 cytochrome c nitrite reductase pentaheme subunit [Shigella flexneri 5 str. 8401].
115522856 cytochrome C family protein [Rhodopseudomonas palustris BisA53].
117626353 cytochrome c nitrite reductase pentaheme subunit [Escherichia coli APEC O1].
148263062 hypothetical protein Gura_0989 [Geobacter uraniireducens Rf4].
153005505 hypothetical protein Anae109_2645 [Anaeromyxobacter sp. Fw109-5].
153005965 hypothetical protein Anae109_3110 [Anaeromyxobacter sp. Fw109-5].
156975004 cytochrome c nitrite reductase pentaheme subunit [Vibrio campbellii ATCC BAA-1116].
194442546 cytochrome c nitrite reductase pentaheme subunit [Salmonella enterica subsp. enterica serovar Newport str. 
SL254].
194448228 cytochrome c nitrite reductase pentaheme subunit [Salmonella enterica subsp. enterica serovar Heidelberg str. 
SL476].
197117514 cytochrome c [Geobacter bemidjiensis Bem].
197119428 cytochrome c [Geobacter bemidjiensis Bem].
218702737 cytochrome c nitrite reductase pentaheme subunit [Escherichia coli IAI39].
225850993 cytochrome C family protein [Persephonella marina EX-H1].
238903180 cytochrome c nitrite reductase pentaheme subunit [Escherichia coli BW2952].
253702155 hypothetical protein GM21_3565 [Geobacter sp. M21].
254164006 cytochrome c nitrite reductase pentaheme subunit [Escherichia coli B str. REL606].
254796091 cytochrome c nitrite reductase pentaheme subunit [Escherichia coli O157:H7 str. TW14359].
260858181 cytochrome c nitrite reductase pentaheme subunit [Escherichia coli O26:H11 str. 11368].
262393886 cytochrome c-type protein nrfB [Vibrio sp. Ex25].
291286712 Formate-dependent nitrite reductase periplasmic cytochrome c552 subunit-like protein [Denitrovibrio acetiphilus 
DSM 12809].
296134349 cytochrome C family protein [Thermincola potens JR].
302344401 hypothetical protein Deba_2983 [Desulfarculus baarsii DSM 2075].
322418179 cytochrome c family protein [Geobacter sp. M18].
322420920 hypothetical protein GM18_3433 [Geobacter sp. M18].
337287142 cytochrome C family protein [Thermodesulfatator indicus DSM 15286].
337287143 cytochrome C family protein [Thermodesulfatator indicus DSM 15286].
374997486 DnaJ-class molecular chaperone with C-terminal Zn finger domain [Desulfosporosinus orientis DSM 765].
386313252 periplasmic decaheme cytochrome c, MtrA [Shewanella putrefaciens 200].
386632069 cytochrome c nitrite reductase pentaheme [Escherichia coli str. 'clone D i2'].
392373890 hypothetical protein DAMO_0822 [Candidatus Methylomirabilis oxyfera].
392373892 Cytochrome b subunit of formate dehydrogenase-like protein [Candidatus Methylomirabilis oxyfera].
39995384 cytochrome c/cytochrome b [Geobacter sulfurreducens PCA].
404494953 cytochrome c/b [Geobacter metallireducens GS-15].
404495439 lipoprotein cytochrome c [Geobacter metallireducens GS-15].
409913183 lipoprotein cytochrome c, 12 heme-binding sites [Geobacter sulfurreducens KN400].
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409913659 cytochrome c, 15 heme-binding sites [Geobacter sulfurreducens KN400].
431794665 class III cytochrome C family protein [Desulfitobacterium dichloroeliminans LMG P-21439].
446980138 cytochrome C nitrite reductase pentaheme subunit [Shigella flexneri].
470172738 cytochrome c family protein [Azoarcus sp. KH32C].
485734090 cytochrome C nitrite reductase pentaheme subunit [Escherichia coli].
485818785 cytochrome C nitrite reductase pentaheme subunit [Escherichia coli].
486146994 MULTISPECIES: cytochrome c-type protein NrfB [Escherichia].
486158564 cytochrome c-type protein NrfB [Escherichia coli].
486174763 cytochrome c-type protein NrfB [Escherichia coli].
486265160 cytochrome c-type protein NrfB [Escherichia coli].
487381080 cytochrome c nitrite reductase, pentaheme subunit [Escherichia coli].
490382734 cytochrome C nitrite reductase pentaheme subunit [Providencia rettgeri].
490548109 cysteine hydrolase [Vibrio orientalis].
490647279 cytochrome C [Geobacter metallireducens].
490871359 MULTISPECIES: cysteine hydrolase [Vibrio].
491060596 cytochrome C nitrite reductase pentaheme subunit [Providencia stuartii].
491519199 cysteine hydrolase [Vibrio alginolyticus].
491537156 cytochrome c-type protein nrfB [Vibrio alginolyticus].
491574459 hypothetical protein [Sutterella wadsworthensis].
491637205 cysteine hydrolase [Vibrio parahaemolyticus].
491686653 cysteine dioxygenase [Aggregatibacter actinomycetemcomitans].
492973308 MULTISPECIES: cysteine hydrolase [Vibrio].
494921067 cystathionine beta-synthase [Shewanella sp. HN-41].
497384181 cysteine hydrolase [Vibrio sp. HENC-01].
497542508 cytochrome C [Rubrivivax benzoatilyticus].
499246833 cysteine dioxygenase [Haemophilus ducreyi].
499262250 flavodoxin domain-containing protein [Methylococcus capsulatus].
499393373 cysteine hydrolase [Vibrio vulnificus].
499469673 cytochrome C [Rhodopseudomonas palustris].
499606426 cytochrome C [Dechloromonas aromatica].
499785599 cytochrome C [Rhodoferax ferrireducens].
499785608 cytochrome C [Rhodoferax ferrireducens].
499945880 cystathionine beta-synthase [Shewanella sp. MR-7].
500113898 MULTISPECIES: cystathionine beta-synthase [Shewanella].
500471090 hypothetical protein [Geobacter uraniireducens].
500472055 cytochrome C [Geobacter uraniireducens].
501232414 hypothetical protein [Shewanella halifaxensis].
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501446669 cytochrome C [Geobacter lovleyi].
501521620 cytochrome C [Geobacter bemidjiensis].
501740995 hypothetical protein [Anaeromyxobacter dehalogenans].
501748976 cytochrome C [Anaeromyxobacter dehalogenans].
502370769 cytochrome C [Geobacter sp. M21].
502370845 lipoprotein cytochrome C [Geobacter sp. M21].
502884933 cytochrome C family protein [Thermincola potens].
502885026 cytochrome C family protein [Thermincola potens].
503058968 cytochrome C [Gallionella capsiferriformans].
503110123 cystathionine beta-synthase [Ferrimonas balearica].
503653011 cytochrome C family protein [Flexistipes sinusarabici].
503672946 hypothetical protein [Thermodesulfatator indicus].
503953280 molecular chaperone DnaJ [Desulfosporosinus orientis].
504592654 cytochrome C [Thiocystis violascens].
505076038 molecular chaperone DnaJ [Desulfitobacterium dichloroeliminans].
505919830 hypothetical protein [Thermus scotoductus].
505925536 cytochrome C [Geobacter sp. M18].
505925558 cytochrome C [Geobacter sp. M18].
505926815 cytochrome C [Geobacter sp. M18].
505926983 cytochrome C [Geobacter sp. M18].
506223620 hypothetical protein [Candidatus Methylomirabilis oxyfera].
506316733 cytochrome C [Geobacter sp. M21].
506318975 cytochrome C [Geobacter sp. M21].
506318992 fibronectin [Geobacter sp. M21].
515621954 cysteine hydrolase [Vibrio genomosp. F6].
515646109 cysteine hydrolase [Vibrio splendidus].
515668827 cysteine hydrolase [Vibrio tasmaniensis].
516228097 cysteine hydrolase [Vibrio sp. 624788].
516809343 hypothetical protein [Thermus igniterrae].
525856201 cytochrome C nitrite reductase pentaheme subunit [Salmonella enterica subsp. enterica serovar Cubana str. 
CFSAN002050].
525959984 cysteine hydrolase [Vibrio parahaemolyticus O1:K33 str. CDC_K4557].
541868986 cysteine hydrolase [Vibrio campbellii ATCC BAA-1116].
544918476 9 hemes c containing cytochrome [candidate division ZIXI].
545088203 cysteine hydrolase [Vibrio coralliilyticus].
545173159 cytochrome c-type protein NrfB [Escherichia coli].
545236540 cytochrome c-type protein NrfB [Escherichia coli].
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545477460 cytochrome c-type protein NrfB [Vibrio ezurae].
551108779 hypothetical protein [Calescamantes bacterium SCGC AAA471-M6].
551125849 hypothetical protein, partial [Candidatus Omnitrophus fodinae].
556553895 cytochrome C nitrite reductase pentaheme subunit [Escherichia coli JJ1886].
558622244 cytochrome c family protein [Sulfuricella denitrificans].
585368173 cytochrome C nitrite reductase [Shigella sonnei].
62182727 cytochrome c nitrite reductase pentaheme subunit [Salmonella enterica subsp. enterica serovar Choleraesuis str. 
SC-B67].
640580498 cystathionine beta-synthase [Shewanella algae].
644475548 hypothetical protein [Deferrisoma camini].
644488827 hypothetical protein [Deferrisoma camini].
646355671 cysteine hydrolase [Vibrio parahaemolyticus].
646360256 cysteine hydrolase [Vibrio parahaemolyticus].
646368099 cysteine hydrolase [Vibrio parahaemolyticus].
648410630 hypothetical protein [Pleurocapsa sp. PCC 7319].
651323820 hypothetical protein [Acidobacteriaceae bacterium URHE0068].
653260712 hypothetical protein [Deinococcus ficus].
658540582 cytochrome C [Deferrisoma camini].
658545365 hypothetical protein, partial [Chloroflexi bacterium JGI 0002000-F10].
686271927 cysteine hydrolase [Vibrio parahaemolyticus].
727821514 cysteine hydrolase, partial [Vibrio parahaemolyticus].
82546415 cytochrome c nitrite reductase pentaheme subunit [Shigella boydii Sb227].
86158424 cytochrome c family protein [Anaeromyxobacter dehalogenans 2CP-C].
86159088 hypothetical protein Adeh_2666 [Anaeromyxobacter dehalogenans 2CP-C].
Table A2.4. – Cluster C4: Protein GI numbers and descriptions of proteins in Cluster C4 (Figure 
1.4).
Protein GI Protein Description
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Table A2.5. – Cluster C5: Protein GI numbers and descriptions of proteins in Cluster C5 (Figure 
1.4).
Protein GI Protein Description
113968832 cytochrome c [Shewanella sp. MR-4].
116621058 hypothetical protein Acid_1939 [Candidatus Solibacter usitatus Ellin6076].
127511282 cytochrome c [Shewanella loihica PV-4].
148263066 cytochrome C family protein [Geobacter uraniireducens Rf4].
152985242 hypothetical protein PSPA7_3904 [Pseudomonas aeruginosa PA7].
152993966 hypothetical protein SUN_2394 [Sulfurovum sp. NBC37-1].
153002383 cytochrome c [Shewanella baltica OS185].
157376053 hypothetical protein Ssed_2918 [Shewanella sediminis HAW-EB3].
157376990 hypothetical protein Ssed_3858 [Shewanella sediminis HAW-EB3].
162456012 hypothetical protein sce7730 [Sorangium cellulosum So ce56].
182678911 hypothetical protein Bind_1945 [Beijerinckia indica subsp. indica ATCC 9039].
197123646 hypothetical protein AnaeK_3248 [Anaeromyxobacter sp. K].
218676641 hypothetical protein VS_II0878 [Vibrio tasmaniensis LGP32].
222823810 cytochrome c family protein [Campylobacter lari RM2100].
253700910 hypothetical protein GM21_2292 [Geobacter sp. M21].
291279766 multiheme c-type cytochrome [Deferribacter desulfuricans SSM1].
308049379 cytochrome C [Ferrimonas balearica DSM 9799].
322437658 cytochrome c family protein [Granulicella tundricola MP5ACTX9].
32472481 signal peptide [Rhodopirellula baltica SH 1].
32477979 c-type cytochrome precursor [Rhodopirellula baltica SH 1].
386315181 periplasmic octaheme cytochrome c, MccA [Shewanella putrefaciens 200].
397689622 multiheme c-type cytochrome [Melioribacter roseus P3M-2].
408418216 cytochrome c family protein [Desulfobacula toluolica Tol2].
488730545 probable deca-heme c-type cytochrome [Blastopirellula marina].
488955231 cytochrome C [Campylobacter jejuni].
489042972 cytochrome C [Campylobacter showae].
489659024 hypothetical protein [Rhizobium leguminosarum].
490716565 doubled CXXCH domain-containing protein [Marinobacter nanhaiticus].
491520135 hypothetical protein [Vibrio alginolyticus].
491571441 hypothetical protein [Sutterella wadsworthensis].
491580179 hypothetical protein [Vibrio harveyi].
491628947 hypothetical protein [Vibrio parahaemolyticus].
492837099 hypothetical protein [Desulfovibrio fructosivorans].
492962449 hypothetical protein [Vibrio shilonii].
493000764 cytochrome C [Shewanella baltica].
494028007 hypothetical protein [Plesiocystis pacifica].
494535904 C cytochrome precursor [Rhodopirellula baltica].
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494540547 heme-binding protein [Rhodopirellula baltica].
494546782 tetratricopeptide repeat family protein, partial [Rhodopirellula baltica].
494555138 hypothetical protein [Rhodopirellula baltica].
494563080 hypothetical protein [Rhodopirellula baltica].
495223951 hypothetical protein [Pseudomonas sp. GM21].
495269777 hypothetical protein [Pseudomonas sp. GM49].
495354612 hypothetical protein [Pseudomonas sp. GM80].
495426140 hypothetical protein [Pseudomonas sp. GM41(2012)].
495467134 hypothetical protein [Labrenzia alexandrii].
495612850 cytochrome C [Sulfurimonas gotlandica].
495791980 cytochrome C [Dethiobacter alkaliphilus].
495817292 cytochrome C [Sutterella parvirubra].
495935069 tetratricopeptide repeat family protein [Rhodopirellula europaea].
495935646 TPR repeat-containing protein [Rhodopirellula europaea].
495952460 tetratricopeptide repeat family protein [Rhodopirellula sallentina].
495975237 tetratricopeptide repeat-containing protein, partial [Rhodopirellula maiorica].
495976872 TPR repeat-containing protein, partial [Rhodopirellula maiorica].
496140050 cytochrome C [Parasutterella excrementihominis].
496866452 hypothetical protein [Capnocytophaga sp. oral taxon 329].
496902302 TPR domain-containing protein [Pseudomonas putida].
496923902 tetratricopeptide repeat protein [Capnocytophaga sp. oral taxon 324].
497389949 hypothetical protein [Vibrio sp. HENC-03].
498126077 hypothetical protein [Ruegeria conchae].
498169322 hypothetical protein [Pseudomonas sp. S9].
499383258 sulfite reductase octaheme cytochrome c SirA [Shewanella oneidensis].
499431867 signal peptide protein [Rhodopirellula baltica].
499435125 C cytochrome precursor [Rhodopirellula baltica].
499581235 hypothetical protein [Aliivibrio fischeri].
499662432 doubled CXXCH domain-containing protein [Carboxydothermus hydrogenoformans].
499886116 hypothetical protein [Roseobacter denitrificans].
500005079 hypothetical protein [Candidatus Solibacter usitatus].
500471089 cytochrome C family protein [Geobacter uraniireducens].
500987344 hypothetical protein [Bradyrhizobium sp. BTAi1].
501090625 cytochrome C [Shewanella sediminis].
501093449 membrane protein [Shewanella sediminis].
501235781 hypothetical protein [Shewanella halifaxensis].
501270861 hypothetical protein [Pseudomonas putida].
Table A2.5. – Cluster C5: Protein GI numbers and descriptions of proteins in Cluster C5 (Figure 
1.4).
Protein GI Protein Description
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501446409 hypothetical protein [Geobacter lovleyi].
501680342 TPR domain protein [Pseudomonas protegens CHA0].
502590013 hypothetical protein [Haliangium ochraceum].
502773107 multiheme c-type cytochrome [Deferribacter desulfuricans].
503111682 hypothetical protein [Ferrimonas balearica].
503347617 hypothetical protein [Granulicella tundricola].
503949163 hypothetical protein [Desulfosporosinus orientis].
504341756 hypothetical protein [Sinorhizobium meliloti].
504607730 hypothetical protein [Desulfitobacterium dehalogenans].
504714538 hypothetical protein [Desulfosporosinus meridiei].
505126014 hypothetical protein [Vibrio parahaemolyticus].
505731931 pilus assembly protein TadD [Saprospira grandis].
511823487 probable deca-heme c-type cytochrome [Agarivorans albus].
514394413 cytochrome C family protein [Rhizobium grahamii].
515165117 hypothetical protein [Vibrio cyclitrophicus].
515169481 hypothetical protein [Vibrio cyclitrophicus].
515595315 hypothetical protein [Vibrio breoganii].
515627408 hypothetical protein [Vibrio crassostreae].
515641370 hypothetical protein [Vibrio splendidus].
516230037 hypothetical protein [Vibrio sp. 712i1].
517925001 hypothetical protein [Pseudomonas fluorescens].
518663276 hypothetical protein [Vibrio splendidus].
518991789 hypothetical protein [Verrucomicrobia bacterium SCGC AAA164-E04].
519005601 hypothetical protein [Methylobacter marinus].
519040770 hypothetical protein [Vibrio owensii].
522200107 hypothetical protein [Acidobacteriaceae bacterium KBS 83].
522215337 hypothetical protein [Acidobacteriaceae bacterium KBS 96].
525853287 hypothetical protein M636_02600 [Vibrio parahaemolyticus O1:K33 str. CDC_K4557].
526244010 hypothetical protein [Vibrio parahaemolyticus].
527024416 hypothetical protein [Desulfococcus multivorans].
544656760 cytochrome c, putative [Campylobacter concisus].
544801028 hypothetical protein [Pseudomonas alcaligenes].
552543511 MULTISPECIES: hypothetical protein [Labrenzia].
557411142 hypothetical protein [uncultured Thiohalocapsa sp. PB-PSB1].
636775757 hypothetical protein [Sinorhizobium medicae].
644475204 hypothetical protein [Deferrisoma camini].
646361685 hypothetical protein [Vibrio parahaemolyticus].
Table A2.5. – Cluster C5: Protein GI numbers and descriptions of proteins in Cluster C5 (Figure 
1.4).
Protein GI Protein Description
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646468441 hypothetical protein [Vibrio parahaemolyticus].
646798760 hypothetical protein [Vibrio parahaemolyticus].
647047732 hypothetical protein [Vibrio parahaemolyticus].
647459417 hypothetical protein [Vibrio parahaemolyticus].
648249088 hypothetical protein [Sinorhizobium meliloti].
648444894 hypothetical protein [Pseudomonas sp. CBZ-4].
648462831 hypothetical protein [Rhizobium leguminosarum].
648491941 hypothetical protein [Sinorhizobium medicae].
648497002 hypothetical protein [Rhizobium leguminosarum].
648511330 hypothetical protein [Rhizobium giardinii].
651253054 cytochrome C [Acidobacteria bacterium KBS 146].
651319214 hypothetical protein [Acidobacterium sp. PMMR2].
651320510 hypothetical protein [Acidobacteriaceae bacterium URHE0068].
653550401 hypothetical protein [Bradyrhizobium sp. Ai1a-2].
653827343 hypothetical protein [Verrucomicrobia bacterium SCGC AAA300-N18].
654069794 hypothetical protein [Zooshikella ganghwensis].
654426363 hypothetical protein [Pseudomonas thermotolerans].
654521981 hypothetical protein [Sinorhizobium meliloti].
654584628 hypothetical protein [Carboxydothermus ferrireducens].
654648122 membrane protein [Ferrimonas futtsuensis].
654649406 cytochrome C [Ferrimonas futtsuensis].
654650058 membrane protein [Ferrimonas futtsuensis].
654653218 cytochrome C [Ferrimonas kyonanensis].
655204768 hypothetical protein [Pseudomonas resinovorans].
655333495 hypothetical protein [Rhizobium leguminosarum].
657844741 hypothetical protein [Vibrio parahaemolyticus].
658540925 hypothetical protein, partial [Deferrisoma camini].
658949571 hypothetical protein [Vibrio parahaemolyticus].
658998751 hypothetical protein [Vibrio parahaemolyticus].
659003357 hypothetical protein [Vibrio parahaemolyticus].
659003954 hypothetical protein [Vibrio parahaemolyticus].
659008188 hypothetical protein [Vibrio parahaemolyticus].
659013910 hypothetical protein [Vibrio parahaemolyticus].
659016588 hypothetical protein [Vibrio parahaemolyticus].
670471093 hypothetical protein [Vibrio parahaemolyticus].
670502084 cytochrome C [Desulfobacula sp. TS].
670507370 hypothetical protein [Flavobacterium chungangense].
Table A2.5. – Cluster C5: Protein GI numbers and descriptions of proteins in Cluster C5 (Figure 
1.4).
Protein GI Protein Description
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671490234 hypothetical protein [Desulfovibrio frigidus].
685919205 TPR domain-containing protein [Pseudomonas aeruginosa].
686215730 deca-heme c-type cytochrome [Vibrio parahaemolyticus].
686256479 deca-heme c-type cytochrome, partial [Vibrio parahaemolyticus].
696515721 Doubled CXXCH motif (Paired_CXXCH_1) [Sinorhizobium meliloti].
71281219 TPR domain-containing protein [Colwellia psychrerythraea 34H].
719264403 hypothetical protein [Shewanella sp. ECSMB14101].
730365313 TPR domain-containing protein [Pseudomonas aeruginosa].
730377018 TPR domain-containing protein [Pseudomonas aeruginosa].
78043040 cytochrome c [Carboxydothermus hydrogenoformans Z-2901].
86159385 cytochrome c [Anaeromyxobacter dehalogenans 2CP-C].
Table A2.5. – Cluster C5: Protein GI numbers and descriptions of proteins in Cluster C5 (Figure 
1.4).
Protein GI Protein Description
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Table A2.6. – Cluster C6: Protein GI numbers and descriptions of proteins in Cluster C6 (Figure 
1.4).
Protein GI Protein Description
114564708 cytochrome c, putative [Shewanella frigidimarina NCIMB 400].
117924185 cytochrome C family protein [Magnetococcus marinus MC-1].
127511448 cytochrome c [Shewanella loihica PV-4].
193212710 cytochrome c family protein [Chlorobaculum parvum NCIB 8327].
217971688 cytochrome c [Shewanella baltica OS223].
237653802 cytochrome C family protein [Thauera sp. MZ1T].
24375630 octaheme tetrathionate reductase Otr [Shewanella oneidensis MR-1].
296137067 cytochrome c family protein [Thiomonas intermedia K12].
322419865 hypothetical protein GM18_2353 [Geobacter sp. M18].
322420215 cytochrome c [Geobacter sp. M18].
392421312 cytochrome c family protein [Pseudomonas stutzeri CCUG 29243].
492790940 cytochrome C [endosymbiont of Riftia pachyptila].
493977595 Cytochrome c bacterial [Desulfovibrio magneticus].
494351122 nitrite reductase [Thiocapsa marina].
496497525 cytochrome C [Sulfuricella denitrificans].
497228532 Octaheme tetrathionate reductase [Caenispirillum salinarum].
499245396 cytochrome C [Geobacter sulfurreducens].
499386374 cytochrome C [Shewanella oneidensis].
499677197 cytochrome C [Pelodictyon luteolum].
499739296 cytochrome C [Anaeromyxobacter dehalogenans].
500085274 cytochrome C [Shewanella amazonensis].
501446326 cytochrome C [Geobacter lovleyi].
501582328 cytochrome C [Shewanella baltica].
501641113 cytochrome C [Desulfatibacillum alkenivorans].
501648981 cytochrome C [Desulfovibrio vulgaris].
504233195 cytochrome C [Marinobacter hydrocarbonoclasticus].
504364661 cytochrome C [Geobacter sulfurreducens].
505932684 cytochrome C [Geobacter sp. M18].
51245838 hypothetical protein DP1986 [Desulfotalea psychrophila LSv54].
522077287 cytochrome C [Desulfobacter curvatus].
543962982 cytochrome c family protein [Sulfuricella denitrificans skB26].
543962987 octaheme tetrathionate reductase [Sulfuricella denitrificans skB26].
550910841 cytochrome C [Desulfospira joergensenii].
551343343 cytochrome C [Pseudomonas pelagia].
640579975 cytochrome C [Shewanella algae].
654125434 cytochrome C [Desulfovibrio zosterae].
654324216 cytochrome C [Marinobacter sp. HL-58].
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654863150 class III cytochrome C [Desulfatibacillum aliphaticivorans].
655131550 hypothetical protein, partial [Desulfomicrobium escambiense].
659866751 cytochrome C [Pelobacter seleniigenes].
659868930 cytochrome C [Pelobacter seleniigenes].
670504834 cytochrome C, partial [Desulfobacula sp. TS].
78043627 hypothetical protein CHY_0647 [Carboxydothermus hydrogenoformans Z-2901].
86157399 cytochrome c family protein [Anaeromyxobacter dehalogenans 2CP-C].
Table A2.6. – Cluster C6: Protein GI numbers and descriptions of proteins in Cluster C6 (Figure 
1.4).
Protein GI Protein Description
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Table A2.7. – Cluster C7: Protein GI numbers and descriptions of proteins in Cluster C7 (Figure 
1.4).
Protein GI Protein Description
120603105 cytochrome C [Desulfovibrio vulgaris DP4].
292491207 cytochrome C-554 [Nitrosococcus halophilus Nc 4].
300113460 cytochrome c-554 [Nitrosococcus watsonii C-113].
32472157 cytochrome c-554 [precursor] [Rhodopirellula baltica SH 1].
325982426 cytochrome c-554 [Nitrosomonas sp. AL212].
374300118 cytochrome c family protein [Desulfovibrio africanus str. Walvis Bay].
383458134 hypothetical protein COCOR_06170 [Corallococcus coralloides DSM 2259].
397690561 cytochrome c554 [Melioribacter roseus P3M-2].
410478734 cytochrome c-554 [Leptospirillum ferriphilum ML-04].
473831000 hypothetical protein TOL_3664 [Thalassolituus oleivorans MIL-1].
488900220 cytochrome C554 [Nitrosococcus oceani].
489136786 hypothetical protein [Sphingopyxis sp. MC1].
492837314 cytochrome C [Desulfovibrio fructosivorans].
494543332 cytochrome C554 [Rhodopirellula baltica].
495962319 5'-nucleotidase/2' 3'-cyclic phosphodiesterase esterase-like protein [Rhodopirellula sallentina].
499872345 hypothetical protein [Myxococcus xanthus].
499953983 cytochrome C554 [Nitrosomonas eutropha].
501539600 MULTISPECIES: cytochrome C [Thermodesulfovibrio].
501648207 cytochrome C [Desulfovibrio vulgaris].
501753549 hypothetical protein [Anaeromyxobacter dehalogenans].
502593088 hypothetical protein [Haliangium ochraceum].
503328843 hypothetical protein [Isosphaera pallida].
504088400 cytochrome C [Desulfovibrio desulfuricans].
505061132 hypothetical protein [Singulisphaera acidiphila].
505061133 hypothetical protein [Singulisphaera acidiphila].
506385128 putative selenocysteine protein [Desulfobacterium autotrophicum].
517100175 hypothetical protein [zeta proteobacterium SCGC AB-602-C20].
527041429 cytochrome c family protein [Desulfovibrio alkalitolerans].
544858843 putative lipoprotein [Bacteriovorax sp. Seq25_V].
653111675 cytochrome C [Desulfovibrio acrylicus].
656111269 hypothetical protein [Sedimenticola selenatireducens].
657652934 cytochrome C [Desulfovibrio alcoholivorans].
77164411 cytochrome c-554 precursor [Nitrosococcus oceani ATCC 19707].
82701936 cytochrome c-554 [Nitrosospira multiformis ATCC 25196].
86159104 hypothetical protein Adeh_2682 [Anaeromyxobacter dehalogenans 2CP-C].
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Table A2.8. – Cluster C8: Protein GI numbers and descriptions of proteins in Cluster C8 (Figure 
1.4).
Protein GI Protein Description
114048069 decaheme cytochrome c [Shewanella sp. MR-7].
116624108 hypothetical protein Acid_5023 [Candidatus Solibacter usitatus Ellin6076].
119776122 hypothetical protein Sama_2990 [Shewanella amazonensis SB2B].
120599774 hypothetical protein Sputw3181_2977 [Shewanella sp. W3-18-1].
127513508 hypothetical protein Shew_2580 [Shewanella loihica PV-4].
157374137 decaheme cytochrome c [Shewanella sediminis HAW-EB3].
157962516 decaheme cytochrome c [Shewanella pealeana ATCC 700345].
160874729 decaheme cytochrome c [Shewanella baltica OS195].
167624700 hypothetical protein Shal_2782 [Shewanella halifaxensis HAW-EB4].
197122065 hypothetical protein AnaeK_1658 [Anaeromyxobacter sp. K].
197123392 hypothetical protein AnaeK_2992 [Anaeromyxobacter sp. K].
24373344 extracellular iron oxide respiratory system surface decaheme cytochrome c component MtrC [Shewanella 
oneidensis MR-1].
253699511 hypothetical protein GM21_0875 [Geobacter sp. M21].
262394547 decaheme cytochrome c MtrF [Vibrio sp. Ex25].
297568391 hypothetical protein DaAHT2_0410 [Desulfurivibrio alkaliphilus AHT2].
308051194 hypothetical protein Fbal_3489 [Ferrimonas balearica DSM 9799].
386313254 surface localized undecaheme cytochrome c lipoprotein, UndA [Shewanella putrefaciens 200].
386340582 decaheme c-type cytochrome, OmcA/MtrC family [Shewanella baltica OS117].
493003235 cytochrome C [Shewanella baltica].
493794542 cytochrome C [Vibrio sp. Ex25].
494921073 cytochrome C [Shewanella sp. HN-41].
494923459 cytochrome C [Shewanella sp. HN-41].
499384334 cytochrome C [Shewanella oneidensis].
499942527 cytochrome C [Shewanella sp. MR-4].
500006011 hypothetical protein [Candidatus Solibacter usitatus].
500036843 cytochrome C [Shewanella sp. ANA-3].
500083311 cytochrome C [Shewanella amazonensis].
500113897 cytochrome C [Shewanella sp. W3-18-1].
500268184 surface localized undecaheme cytochrome C lipoprotein UndA [Shewanella putrefaciens].
501106211 surface localized undecaheme cytochrome C lipoprotein UndA [Shewanella pealeana].
501583730 cytochrome C [Shewanella baltica].
504423760 cytochrome C [Shewanella putrefaciens].
545083156 decaheme c-type cytochrome, OmcA/MtrC family protein [Vibrio parahaemolyticus].
640577105 cytochrome C [Shewanella putrefaciens].
640578513 cytochrome C [Shewanella putrefaciens].
646369161 cytochrome C [Vibrio parahaemolyticus].
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646748740 cytochrome C [Vibrio parahaemolyticus].
646801813 cytochrome C [Vibrio parahaemolyticus].
646819973 cytochrome C [Vibrio parahaemolyticus].
647009938 cytochrome C [Vibrio parahaemolyticus].
647461590 cytochrome C [Vibrio parahaemolyticus].
648269564 cytochrome C [Vibrio vulnificus].
654518640 hypothetical protein [delta proteobacterium JGI 0002000-E07].
654646827 hypothetical protein [Ferrimonas futtsuensis].
655354006 cytochrome C [Shewanella putrefaciens].
655360469 cytochrome C [Shewanella fidelis].
655362024 cytochrome C [Shewanella fidelis].
655374783 cytochrome C [Shewanella sp. 38A_GOM-205m].
657061417 cytochrome C [Aeromonas hydrophila].
658932275 cytochrome C, partial [Vibrio parahaemolyticus].
658980082 cytochrome C [Vibrio parahaemolyticus].
659018955 cytochrome C [Vibrio parahaemolyticus].
659053507 cytochrome C [Vibrio parahaemolyticus].
686216311 cytochrome C, partial [Vibrio parahaemolyticus].
686236658 cytochrome C, partial [Vibrio parahaemolyticus].
686272198 cytochrome C [Vibrio parahaemolyticus].
696634357 hypothetical protein [Aeromonas sp. AE235].
719260659 cytochrome C [Shewanella sp. ECSMB14101].
Table A2.8. – Cluster C8: Protein GI numbers and descriptions of proteins in Cluster C8 (Figure 
1.4).
Protein GI Protein Description
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Table A2.9. – Cluster C9: Protein GI numbers and descriptions of proteins in Cluster C9 (Figure 
1.4).
Protein GI Protein Description
190573996 cytochrome c [Stenotrophomonas maltophilia K279a].
294138857 soluble cytochrome cB [Shewanella violacea DSS12].
360036118 cytochrome c554 [Vibrio cholerae O1 str. 2010EL-1786].
375133489 cytochrome c554 [Vibrio furnissii NCTC 11218].
447139507 cytochrome C554 [Vibrio mimicus].
475645781 cytochrome c554 [Vibrio cholerae M66-2].
487832503 cytochrome C554 [Vibrio cholerae].
488367606 cytochrome C554 [Escherichia hermannii].
490842245 cytochrome C554 [Yersinia aldovae].
490844617 cytochrome C554 [Yersinia frederiksenii].
490852986 cytochrome C554 [Yersinia rohdei].
491538782 MULTISPECIES: cytochrome C554 [Vibrio].
491565571 cytochrome C554 [Aliivibrio fischeri].
491647409 cytochrome C554 [Grimontia hollisae].
494971423 cytochrome c554 [Cronobacter universalis].
494992125 cytochrome c554 [Cronobacter dublinensis].
495024684 cytochrome c554 [Cronobacter dublinensis].
495350121 cytochrome C554 [Vibrio sinaloensis].
497391111 cytochrome C554 [Vibrio sp. HENC-03].
498137920 cytochrome C554 [Vibrio rotiferianus].
499418938 cytochrome C554 [Vibrio parahaemolyticus].
501316747 cytochrome C554 [Leptothrix cholodnii].
502610623 MULTISPECIES: cytochrome C554 [Edwardsiella].
504240288 cytochrome C554 [Rubrivivax gelatinosus].
504419444 cytochrome C554 [Pantoea ananatis].
504542450 cytochrome C554 [Cronobacter sakazakii].
505734423 cytochrome C554 [Rahnella aquatilis].
515167981 cytochrome C554 [Vibrio cyclitrophicus].
515496617 cytochrome C554 [Serratia marcescens].
515588756 cytochrome C554 [Aliivibrio logei].
515666366 cytochrome C554 [Vibrio tasmaniensis].
516228751 cytochrome C554 [Vibrio sp. 624788].
639184869 cytochrome C554 [Edwardsiella hoshinae].
639216159 cytochrome C554 [Cronobacter helveticus].
639288394 cytochrome C554 [Aliihoeflea sp. 2WW].
644363567 cytochrome C554 [Serratia marcescens].
645919833 cytochrome C554, partial [Yersinia pestis].
 233
646360225 cytochrome C554 [Vibrio parahaemolyticus].
646367884 cytochrome C554 [Vibrio parahaemolyticus].
646569041 cytochrome C554 [Vibrio parahaemolyticus].
648233687 cytochrome C554 [Chelatococcus sp. GW1].
659052558 cytochrome C554, partial [Vibrio parahaemolyticus].
670479453 cytochrome C554 [Vibrio parahaemolyticus].
686147029 cytochrome C554 [Vibrio parahaemolyticus].
695380190 cytochrome C554 [Vibrio splendidus].
727159823 cytochrome C554 [Serratia nematodiphila].
737533328 cytochrome C554 [Burkholderia sp. MP-1].
738046802 cytochrome C554 [Burkholderia caribensis].
740355952 cytochrome C554 [Vibrio sinaloensis].
Table A2.9. – Cluster C9: Protein GI numbers and descriptions of proteins in Cluster C9 (Figure 
1.4).
Protein GI Protein Description
Table A2.10. – Cluster C10: Protein GI numbers and descriptions of proteins in Cluster C10 
(Figure 1.4).
Protein GI Protein Description
197120386 lipoprotein cytochrome c [Geobacter bemidjiensis Bem].
253702702 hypothetical protein GM21_4118 [Geobacter sp. M21].
307720294 hypothetical protein Saut_0373 [Sulfurimonas autotrophica DSM 16294].
313679526 hypothetical protein [Oceanithermus profundus DSM 14977].
317052752 hypothetical protein Selin_2601 [Desulfurispirillum indicum S5].
489136781 hypothetical protein [Sphingopyxis sp. MC1].
503111789 hypothetical protein [Ferrimonas balearica].
503272519 cytochrome C [Desulfurispirillum indicum].
503652438 cytochrome C [Flexistipes sinusarabici].
505227196 Cytochrome c, 11 hemes [Desulfovibrio piezophilus].
516694550 hypothetical protein [Nitrospina sp. AB-629-B18].
551231397 hypothetical protein [Thermodesulfobacterium thermophilum].
557236156 hypothetical protein CFT03427_1036 [Campylobacter fetus subsp. testudinum 03-427].
652446287 cytochrome C [Geobacter bremensis].
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Table A3.1. – Cluster 1: Protein GI numbers and descriptions of proteins in Cluster 1 
(Figure 6.1).
Protein GI Protein Description
746183576 siroheme synthase CysG [Arthrobacter sp. MWB30].
737970777 siroheme synthase CysG, partial [Knoellia aerolata].
737950171 siroheme synthase CysG [Knoellia sinensis].
737811671 siroheme synthase CysG, partial [Arthrobacter sp. 35/47].
737808205 siroheme synthase CysG, partial [Arthrobacter sp. H5].
737776348 siroheme synthase CysG, partial [Arthrobacter sanguinis].
736712182 siroheme synthase CysG, partial [Intrasporangium chromatireducens].
736621455 siroheme synthase CysG, partial [Cellulomonas cellasea].
716926330 uroporphyrin-III C-methyltransferase [Streptomyces galbus].
702904331 uroporphyrin-III methyltransferase [Nocardiopsis alkaliphila].
702821456 uroporphyrin-III C-methyltransferase [Actinospica acidiphila].
702612655 uroporphyrin-III C-methyltransferase [Streptomyces virginiae].
695847572 uroporphyrin-III C-methyltransferase [Streptomyces alboviridis].
694056902 uroporphyrin-III C-methyltransferase [Rhodococcus fascians].
686064168 uroporphyrin-III C-methyltransferase, partial [Mycobacterium tuberculosis].
686005718 uroporphyrin-III C-methyltransferase [Mycobacterium tuberculosis].
685957432 uroporphyrin-III C-methyltransferase [Mycobacterium tuberculosis].
671522930 uroporphyrin-III C-methyltransferase [Streptomyces megasporus].
670522480 uroporphyrin-III C-methyltransferase [Sciscionella sp. SE31].
665675894 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
665662290 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
665543933 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL WC-3719].
664568440 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL S-1831].
664565372 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL S-118].
664547553 uroporphyrin-III C-methyltransferase [Streptomyces ochraceiscleroticus].
664524887 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL F-5650].
664519033 uroporphyrin-III C-methyltransferase [Streptomyces olivaceus].
664476036 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL F-5630].
664441357 uroporphyrin-III C-methyltransferase, partial [Streptomyces sp. NRRL F-5140].
664347788 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
664343009 uroporphyrin-III C-methyltransferase [Streptomyces violaceoruber].
664331874 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL F-2747].
664251673 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL S-920].
664249570 uroporphyrin-III C-methyltransferase [Streptomyces lavenduligriseus].
664233126 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
664211735 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL S-31].
664133904 uroporphyrin-III C-methyltransferase [Streptomyces cellulosae].
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664118838 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
664095336 uroporphyrin-III C-methyltransferase [Streptomyces albus].
664036570 uroporphyrin-III C-methyltransferase [Streptomyces sclerotialus].
664031746 uroporphyrin-III C-methyltransferase [Streptomyces cyaneofuscatus].
663707550 uroporphyrin-III C-methyltransferase [Marmoricola aequoreus].
663588951 uroporphyrin-III C-methyltransferase [Allokutzneria albata].
663417823 uroporphyrin-III C-methyltransferase [Streptomyces sp. NRRL S-1448].
663403476 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
663367218 uroporphyrin-III C-methyltransferase [Streptomyces roseoverticillatus].
663219368 uroporphyrin-III C-methyltransferase [Streptomyces pyridomyceticus].
663157969 siroheme synthase CysG, partial [Corynebacterium variabile].
662770801 uroporphyrin-III C-methyltransferase [Mycobacterium neoaurum].
662173246 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
662142996 uroporphyrin-III C-methyltransferase [Mycobacterium abscessus].
662134285 uroporphyrin-III C-methyltransferase [Streptomyces baarnensis].
662092000 uroporphyrin-III C-methyltransferase [Streptomyces peruviensis].
657620134 uroporphyrin-III C-methyltransferase [Blastococcus sp. URHD0036].
657049196 siroheme synthase CysG [Cellulomonas sp. HZM].
656320259 siroheme synthase CysG [Paraoerskovia marina].
656080133 uroporphyrin-III C-methyltransferase [Mycobacterium sp. URHD0025].
655467729 uroporphyrin-III C-methyltransferase [Thermocrispum municipale].
655464213 uroporphyrin-III C-methyltransferase [Thermocrispum agreste].
655046483 MULTISPECIES: siroheme synthase CysG [Microbacterium].
654579316 siroheme synthase CysG [Cellulomonas sp. URHE0023].
654201385 uroporphyrin-III C-methyltransferase [Streptomyces sp. CNT360].
651443863 siroheme synthase CysG [Arthrobacter nicotinovorans].
648277541 uroporphyrin-III C-methyltransferase [Streptomyces sp. SS].
646960908 uroporphyrin-III C-methyltransferase [Salinispora pacifica].
644693954 uroporphyrin-III C-methyltransferase [Kutzneria albida].
639002232 uroporphyrin-III C-methyltransferase [Mycobacterium sp. UM_RHS].
638973478 uroporphyrin-III C-methyltransferase [Mycobacterium sp. UM_WGJ].
636843552 siroheme synthase CysG, partial [Arthrobacter sp. TB 26].
568332100 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Rhodococcus pyridinivorans].
564861024 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Mycobacterium avium].
564851534 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Mycobacterium avium].
564815809 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Mycobacterium avium].
559792864 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Streptomyces thermolilacinus].
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559032898 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Streptomyces 
roseochromogenus].
558888117 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Streptomyces niveus].
557685120 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Streptomyces rapamycinicus 
NRRL 5491].
557418223 MULTISPECIES: Uroporphyrin-III methyltransferase [Streptomyces].
556602995 uroporphyrin-III C-methyltransferase / precorrin-2 dehydrogenase / sirohydrochlorin ferrochelatase [Actinoplanes 
friuliensis].
556584211 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Mycobacterium kansasii ATCC 
12478].
556564391 uroporphyrin-III C-methyltransferase / precorrin-2 dehydrogenase / sirohydrochlorin ferrochelatase [Actinoplanes 
friuliensis DSM 7358].
544161998 uroporphyrin-III C-methyltransferase [Mycobacterium tuberculosis str. Haarlem].
526988346 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Streptomyces rapamycinicus].
522162408 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Amycolatopsis nigrescens].
522009655 hypothetical protein [Catelliglobosispora koreensis].
519061555 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Salinispora arenicola].
518985611 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Terracoccus sp. 273MFTsu3.1].
518972914 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Streptomyces sp. 303MFCol5.2].
517863397 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Salinispora arenicola].
517666576 MULTISPECIES: multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Streptomyces].
517638801 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Salinispora arenicola].
517626664 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Salinispora arenicola].
517413524 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Salinispora arenicola].
516964956 hypothetical protein [Microbacterium paraoxydans].
516903799 hypothetical protein [Demetria terragena].
516223748 hypothetical protein [Nocardiopsis chromatogenes].
516203569 multifunctional uroporphyrinogen III methylase/precorrin-2 oxidase/ferrochelatase [Nocardiopsis xinjiangensis].
512661425 MULTISPECIES: uroporphyrinogen-III C-methyltransferase [Streptomyces].
506932263 uroporphyrin-III C-methyltransferase / precorrin-2 dehydrogenase / sirohydrochlorin ferrochelatase [Amycolatopsis 
orientalis HCCB10007].
506266810 uroporphyrinogen-III C-methyltransferase [Saccharomonospora viridis].
505103879 Putative multifunctional enzyme siroheme synthase CysG: uroporphyrin-III c-methyltransferase (urogen III 
methylase) (SUMT) (uroporphyrinogen III methylase) (urom) precorrin-2 oxidase ferrochelatase [Mycobacterium 
canettii].
504845255 Siroheme synthase or Precorrin-2 oxidase or Sirohydrochlorin ferrochelatase or Uroporphyrinogen-III 
methyltransferase [Streptomyces venezuelae].
504735365 siroheme synthase 3 [Arthrobacter sp. Rue61a].
504484481 uroporphyrin-III methyltransferase [Streptomyces hygroscopicus].
504397766 multifunctional siroheme synthase cysG, partial [Mycobacterium tuberculosis].
504187981 Uroporphyrinogen-III C-methyltransferase [Blastococcus saxobsidens].
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503900627 putative precorrin-2 dehydrogenase/sirohydrochlorin ferrochelatase/uroporphyrin-III C-methyltransferase 
[Kitasatospora setae].
503822184 uroporphyrin-III C-methyltransferase [Streptomyces violaceusniger].
503810883 MULTISPECIES: uroporphyrin-III C-methyltransferase [Streptomyces].
503754880 multifunctional enzyme siroheme synthase CYSG: uroporphyrin-III C-methyltransferase + precorrin-2 oxidase + 
ferrochelatase [Mycobacterium africanum].
503603851 uroporphyrin-III C-methyltransferase [Isoptericola variabilis].
502769984 uroporphyrin-III methyltransferase [Streptomyces scabiei].
502711638 uroporphyrin-III C-methyltransferase [Geodermatophilus obscurus].
501350019 uroporphyrin-III methyltransferase [Streptomyces griseus].
500060235 multifunctional enzyme siroheme synthase CysG [Mycobacterium ulcerans].
498158120 uroporphyrin-III methyltransferase [Streptomyces somaliensis].
497461377 putative uroporphyrin-III methyltransferase [Janibacter sp. HTCC2649].
497364689 uroporphyrin-III C-methyltransferase [Gordonia neofelifaecis].
497124432 MULTISPECIES: uroporphyrin-III C-methyltransferase [Rhodococcus].
495104369 putative uroporphyrinogen-III C-methyltransferase [Streptomyces sp. Tu6071].
494900724 uroporphyrin-III C-methyltransferase [Dietzia cinnamea].
493954107 siroheme synthase CysG [Gordonia sihwensis].
493481524 siroheme synthase CysG [Gordonia amicalis].
493415455 siroheme synthase CysG [Gordonia polyisoprenivorans].
493403221 siroheme synthase CysG [Gordonia alkanivorans].
493374188 siroheme synthase CysG [Gordonia rhizosphera].
491840146 uroporphyrinogen-III C-methyltransferase [Mycobacterium hassiacum].
491333425 siroheme synthase CysG [Gordonia amarae].
491291961 Siroheme synthase [Amycolatopsis azurea].
491291287 uroporphyrin-III C-methyltransferase [Mycobacterium rhodesiae].
491241690 uroporphyrin-III C-methyltransferase [Mycobacterium abscessus].
491230029 MULTISPECIES: multifunctional siroheme synthase CysG/uroporphyrin-III C-methyltransferase-like protein 
[Mycobacterium].
491132081 MULTISPECIES: uroporphyrin-III methyltransferase [Streptomyces].
491080657 uroporphyrin-III C-methyltransferase [Streptomyces mobaraensis].
491072102 uroporphyrinogen-III C-methyltransferase [Streptomyces griseoflavus].
490005175 multifunctional siroheme synthase cysG [Mycobacterium tuberculosis].
489990942 uroporphyrin-III C-methyltransferase [Mycobacterium smegmatis].
489977816 uroporphyrin-III C-methyltransferase [Mycobacterium fortuitum].
489509674 MULTISPECIES: uroporphyrinogen III methyltransferase [Mycobacterium tuberculosis complex].
479318284 siroheme synthase / Precorrin-2 oxidase / Sirohydrochlorin ferrochelatase / Uroporphyrinogen-III methyltransferase 
[Streptomyces sp. PAMC26508].
474981272 uroporphyrin-III methyltransferase [Streptomyces hygroscopicus subsp. jinggangensis TL01].
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471326507 uroporphyrin-III methyltransferase [Streptomyces davawensis JCM 4913].
433635907 Putative multifunctional enzyme siroheme synthase CysG: uroporphyrin-III c-methyltransferase (urogen III 
methylase) (SUMT) (uroporphyrinogen III methylase) (urom) precorrin-2 oxidase ferrochelatase [Mycobacterium 
canettii CIPT 140070017].
433631938 Putative multifunctional enzyme siroheme synthase CysG: uroporphyrin-III c-methyltransferase (urogen III 
methylase) (SUMT) (uroporphyrinogen III methylase) (urom) precorrin-2 oxidase ferrochelatase [Mycobacterium 
canettii CIPT 140070010].
433608752 Uroporphyrin-III C-methyltransferase [Saccharothrix espanaensis DSM 44229].
404214665 fused siroheme synthase 1,3-dimethyluroporphyriongen III dehydrogenase and siroheme ferrochelatase / 
uroporphyrinogen methyltransferase [Gordonia sp. KTR9].
403528257 siroheme synthase 3 [Arthrobacter sp. Rue61a].
403508028 uroporphyrinogen-III C-methyltransferase [Nocardiopsis alba ATCC BAA-2165].
399986970 multifunctional enzyme siroheme synthase Cysg [Mycobacterium smegmatis str. MC2 155].
392387476 cysG [Mycobacterium tuberculosis UT205].
386846258 uroporphyrin-III C-methyltransferase / precorrin-2 dehydrogenase / sirohydrochlorin ferrochelatase [Actinoplanes sp. 
SE50/110].
379755542 uroporphyrin-III C-methyltransferase [Mycobacterium intracellulare MOTT-02].
374985204 uroporphyrin-III methyltransferase [Streptomyces bingchenggensis BCW-1].
357402838 uroporphyrin-III methyltransferase [Streptomyces cattleya NRRL 8057 = DSM 46488].
357388420 putative precorrin-2 dehydrogenase/sirohydrochlorin ferrochelatase/uroporphyrin-III C-methyltransferase 
[Kitasatospora setae KM-6054].
345010602 uroporphyrin-III C-methyltransferase [Streptomyces violaceusniger Tu 4113].
340627840 putative multifunctional enzyme siroheme synthase CYSG: uroporphyrin-III C-methyltransferase (urogen III 
methylase) (SUMT) (uroporphyrinogen III methylase) (UROM) + precorrin-2 oxidase + ferrochelatase 
[Mycobacterium canettii CIPT 140010059].
339632856 multifunctional enzyme siroheme synthase CYSG: uroporphyrin-III C-methyltransferase + precorrin-2 oxidase + 
ferrochelatase [Mycobacterium africanum GM041182].
336320612 uroporphyrin-III C-methyltransferase [[Cellvibrio] gilvus ATCC 13127].
336320152 uroporphyrin-III C-methyltransferase [[Cellvibrio] gilvus ATCC 13127].
334336277 uroporphyrin-III C-methyltransferase [Isoptericola variabilis 225].
333991211 multifunctional enzyme siroheme synthase CysG [Mycobacterium sp. JDM601].
312139292 uroporphyrinogen-III C-methyltransferase [Rhodococcus equi 103S].
300786876 uroporphyrin-III C-methyltransferase/precorrin-2 dehydrogenase/sirohydrochlorin ferrochelatase [Amycolatopsis 
mediterranei U32].
291302121 uroporphyrin-III C-methyltransferase [Stackebrandtia nassauensis DSM 44728].
290961782 uroporphyrin-III methyltransferase [Streptomyces scabiei 87.22].
284031598 uroporphyrin-III C-methyltransferase [Kribbella flavida DSM 17836].
256379850 uroporphyrin-III C-methyltransferase [Actinosynnema mirum DSM 43827].
220913557 uroporphyrin-III C-methyltransferase [Arthrobacter chlorophenolicus A6].
183981899 multifunctional enzyme siroheme synthase CysG [Mycobacterium marinum M].
148662688 uroporphyrinogen III methyltransferase [Mycobacterium tuberculosis H37Ra].
120403296 uroporphyrin-III C-methyltransferase [Mycobacterium vanbaalenii PYR-1].
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118617674 multifunctional enzyme siroheme synthase CysG [Mycobacterium ulcerans Agy99].
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94986562 siroheme synthase [Lawsonia intracellularis PHE/MN1-00].
89055538 uroporphyrin-III C-methyltransferase [Jannaschia sp. CCS1].
83645247 uroporphyrinogen-III methylase [Hahella chejuensis KCTC 2396].
78047645 siroheme synthase [Xanthomonas campestris pv. vesicatoria str. 85-10].
77359184 siroheme synthase [Pseudoalteromonas haloplanktis TAC125].
74318489 uroporphyrinogen-III C-methyltransferase [Thiobacillus denitrificans ATCC 25259].
730504810 sirohydrochlorin ferrochelatase [Pseudomonas aeruginosa].
730347825 sirohydrochlorin ferrochelatase [Pseudomonas aeruginosa].
730230966 sirohydrochlorin ferrochelatase [Pseudomonas aeruginosa].
727329294 siroheme synthase [Pantoea sp. 9140].
727325965 siroheme synthase [Pantoea agglomerans].
727325721 sirohydrochlorin ferrochelatase [Pantoea agglomerans].
727317578 siroheme synthase [Pantoea agglomerans].
727159374 sirohydrochlorin ferrochelatase [Serratia nematodiphila].
723600180 sirohydrochlorin ferrochelatase [Dickeya chrysanthemi].
71891949 1,3-dimethyluroporphyriongen III dehydrogenase [Candidatus Blochmannia pennsylvanicus str. BPEN].
704517338 siroheme synthase [Enterobacter cloacae].
704488053 siroheme synthase [Xanthomonas campestris].
703377113 siroheme synthase, partial [Kangiella aquimarina].
703362556 siroheme synthase, partial [Kiloniella laminariae].
697077256 sirohydrochlorin ferrochelatase [Methylomonas sp. LW13].
697053805 sirohydrochlorin ferrochelatase [Enterobacter cloacae].
696655065 siroheme synthase, partial [Aeromonas sp. 4287D].
696626026 sirohydrochlorin ferrochelatase [Aeromonas sp. AE235].
696571965 MULTISPECIES: siroheme synthase [Alteromonadales].
696506981 sirohydrochlorin ferrochelatase [Pseudomonas putida].
696375888 siroheme synthase [Citrobacter freundii].
695794802 sirohydrochlorin ferrochelatase [Enterobacter aerogenes].
695742742 siroheme synthase [Enterobacter cloacae].
695735817 siroheme synthase [Enterobacter sp. DC1].
695733796 sirohydrochlorin ferrochelatase [Enterobacter sp. DC1].
695728223 sirohydrochlorin ferrochelatase [Enterobacter sp. MGH 33].
695709720 sirohydrochlorin ferrochelatase [Enterobacter cloacae].
695705686 siroheme synthase [Enterobacter sp. EGD-HP1].
695689734 sirohydrochlorin ferrochelatase [Enterobacter cloacae].
695671336 sirohydrochlorin ferrochelatase [Pseudomonas syringae].
694092535 sirohydrochlorin ferrochelatase [Klebsiella pneumoniae].
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694065765 sirohydrochlorin ferrochelatase [Klebsiella pneumoniae].
693246145 siroheme synthase [Escherichia coli].
693007862 siroheme synthase [Escherichia coli].
692993807 siroheme synthase [Escherichia coli].
692173184 sirohydrochlorin ferrochelatase [Necropsobacter rosorum].
691115742 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
691100107 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
691068039 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
691017642 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
690993576 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
686181702 sirohydrochlorin ferrochelatase [Pseudomonas aeruginosa].
686118827 sirohydrochlorin ferrochelatase, partial [Pseudomonas aeruginosa].
686098980 sirohydrochlorin ferrochelatase [Pseudomonas aeruginosa].
671570630 hypothetical protein, partial [Parvularcula oceani].
670484671 sirohydrochlorin ferrochelatase [Methylomarinum vadi].
66768495 siroheme synthase [Xanthomonas campestris pv. campestris str. 8004].
666662242 sirohydrochlorin ferrochelatase, partial [Pantoea sp. 3.5.1].
666661092 sirohydrochlorin ferrochelatase [Lysobacter antibioticus].
666638113 siroheme synthase [Mesorhizobium sp. LSJC265A00].
665955717 siroheme synthase, partial [Rhodobacteraceae bacterium PD-2].
665934329 sirohydrochlorin ferrochelatase [Serratia marcescens].
657900828 sirohydrochlorin ferrochelatase [Kozakia baliensis].
657780526 sirohydrochlorin ferrochelatase [Pseudomonas fuscovaginae].
657062485 siroheme synthase [Aeromonas hydrophila].
656111636 sirohydrochlorin ferrochelatase [Sedimenticola selenatireducens].
656063560 siroheme synthase [Brucella inopinata].
656057173 sirohydrochlorin ferrochelatase [Budvicia aquatica].
655844575 uroporphyrin-III methyltransferase [Sulfitobacter sp. 20_GPM-1509m].
655564160 siroheme synthase [Pseudoxanthomonas sp. J35].
655561923 siroheme synthase [Pseudoxanthomonas sp. J31].
655494654 sirohydrochlorin ferrochelatase [Teredinibacter turnerae].
655455897 sirohydrochlorin ferrochelatase [Thermomonas fusca].
655277070 sirohydrochlorin ferrochelatase [Pseudomonas fulva].
655086698 sirohydrochlorin ferrochelatase [Paludibacterium yongneupense].
655033333 siroheme synthase [Nesiotobacter exalbescens].
655020431 sirohydrochlorin ferrochelatase [Neptunomonas japonica].
655004536 sirohydrochlorin ferrochelatase [Chitinilyticum aquatile].
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6.1).
Protein GI Protein Description
 243
654999576 sirohydrochlorin ferrochelatase [Chitinibacter tainanensis].
654835448 siroheme synthase [Oceanicola nanhaiensis].
654790165 sirohydrochlorin ferrochelatase [Pseudomonas caeni].
654699272 siroheme synthase [Bradyrhizobium japonicum].
654683253 MULTISPECIES: siroheme synthase [Bradyrhizobium].
654564872 siroheme synthase [Chelativorans sp. J32].
654544319 siroheme synthase [Sinorhizobium meliloti].
654529263 siroheme synthase [Sinorhizobium arboris].
654441415 sirohydrochlorin ferrochelatase [Pseudomonas sp. URIL14HWK12:I7].
654428250 sirohydrochlorin ferrochelatase [Pseudomonas syringae].
654424910 sirohydrochlorin ferrochelatase [Pseudomonas thermotolerans].
653888300 sirohydrochlorin ferrochelatase [Xylella fastidiosa].
653748395 siroheme synthase [Agrobacterium larrymoorei].
653735115 siroheme synthase [Rheinheimera baltica].
653604495 sirohydrochlorin ferrochelatase [Pseudomonas sp. URHB0015].
653389465 siroheme synthase [Bradyrhizobium sp. WSM1417].
653236128 siroheme synthase [Ponticaulis koreensis].
653062558 hypothetical protein [Balneatrix alpica].
652978196 siroheme synthase [Phyllobacterium sp. UNC302MFCol5.2].
652863390 siroheme synthase [Geminicoccus roseus].
652703303 siroheme synthase [Mesorhizobium sp. URHC0008].
652607957 hypothetical protein [Fodinicurvata fenggangensis].
651862115 uroporphyrinogen-III C-methyltransferase [Pseudomonas aeruginosa PAO581].
651857688 uroporphyrinogen-III C-methyltransferase [Pseudomonas aeruginosa c7447m].
651607151 sirohydrochlorin ferrochelatase [Methylomonas sp. 11b].
651372592 sirohydrochlorin ferrochelatase [Alcaligenes faecalis].
651371184 siroheme synthase [Alcaligenes faecalis].
651250048 sirohydrochlorin ferrochelatase [Achromobacter xylosoxidans].
648499670 siroheme synthase [Methylosinus sp. LW4].
648496635 siroheme synthase [Rhizobium leguminosarum].
648468126 siroheme synthase [Rhizobium leguminosarum].
648462384 siroheme synthase [Rhizobium leguminosarum].
648416152 sirohydrochlorin ferrochelatase [beta proteobacterium L13].
647581833 sirohydrochlorin ferrochelatase [Pseudomonas sp. CHM02].
647127688 MULTISPECIES: sirohydrochlorin ferrochelatase [Psychrobacter].
646372409 sirohydrochlorin ferrochelatase [Bordetella trematum].
645920463 sirohydrochlorin ferrochelatase, partial [Yersinia pestis].
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644798943 sirohydrochlorin ferrochelatase [Klebsiella pneumoniae].
640703175 sirohydrochlorin ferrochelatase [Pseudomonas sp. PH1b].
640698338 MULTISPECIES: siroheme synthase [Serratia].
640697977 MULTISPECIES: sirohydrochlorin ferrochelatase [Serratia].
640684590 sirohydrochlorin ferrochelatase [Pseudomonas sp. H1h].
640669297 sirohydrochlorin ferrochelatase [Acinetobacter soli].
640633918 uroporphyrin-III methyltransferase [Sulfitobacter guttiformis].
640486819 MULTISPECIES: siroheme synthase [Mesorhizobium].
640460337 siroheme synthase [Enterobacter asburiae].
639549992 sirohydrochlorin ferrochelatase [Pseudomonas syringae].
639388630 siroheme synthase [Pseudoalteromonas haloplanktis].
639213378 sirohydrochlorin ferrochelatase [Cronobacter helveticus].
639212445 MULTISPECIES: siroheme synthase [Cronobacter].
639201038 sirohydrochlorin ferrochelatase [Comamonas badia].
639183226 siroheme synthase [Edwardsiella hoshinae].
639154377 siroheme synthase [Candidatus Schmidhempelia bombi].
639137266 siroheme synthase [Serratia fonticola].
636814337 siroheme synthase [Bradyrhizobium japonicum].
585355355 siroheme synthase [Escherichia coli].
566687373 uroporphyrin-III C-methyltransferase / precorrin-2 oxidase / ferrochelatase [Erwinia amylovora].
565863671 sirohydrochlorin ferrochelatase [Gluconobacter frateurii].
565807772 siroheme synthase [Xanthomonas hortorum].
565648640 multifunctional protein [Acinetobacter baumannii].
565637318 multifunctional protein [Acinetobacter baumannii ZW85-1].
563868988 siroheme synthase [Mesorhizobium sp. L2C089B000].
563574035 siroheme synthase [Mesorhizobium sp. LNHC221B00].
563466960 MULTISPECIES: siroheme synthase [Mesorhizobium].
563457927 MULTISPECIES: siroheme synthase [Mesorhizobium].
560363408 siroheme synthase [Enterobacter sp. MR1].
560147794 uroporphyrin-III C-methyltransferase [Brucella ceti TE10759-12].
560137103 uroporphyrinogen-III C-methyltransferase [Zymomonas mobilis subsp. mobilis str. CP4 = NRRL B-14023].
559233709 bifunctional uroporphyrin-III C-methyltransferase/sirohydrochlorin ferrochelatase [Proteus hauseri].
559190206 siroheme synthase [Escherichia coli].
558566100 siroheme synthase [Methyloglobulus morosus].
557679784 Siroheme synthase [Lutibaculum baratangense].
556610644 hypothetical protein [Spiribacter sp. UAH-SP71].
556474374 MULTISPECIES: siroheme synthase 1 [Enterobacter cloacae complex].
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556415483 siroheme synthase 1 [Enterobacter cloacae].
556348259 siroheme synthase 1 [Enterobacter cloacae].
556290605 MULTISPECIES: siroheme synthase 2 [Klebsiella].
556240999 siroheme synthase 2 [Klebsiella pneumoniae].
556215961 siroheme synthase 1 [Klebsiella pneumoniae].
555506836 siroheme synthase [Acinetobacter nectaris].
555275991 siroheme synthase [Salmonella enterica].
555234935 siroheme synthase [Salmonella enterica].
551336525 sirohydrochlorin ferrochelatase [Perlucidibaca piscinae].
550952719 uroporphiryn-III C-methyltransferase [Oceanicaulis alexandrii].
550796286 MULTISPECIES: siroheme synthase 1 [Enterobacter cloacae complex].
550759226 MULTISPECIES: siroheme synthase 1 [Enterobacteriaceae].
550713287 siroheme synthase [Escherichia coli].
550701775 sirohydrochlorin ferrochelatase [Pseudomonas sp. CMAA1215].
550446520 siroheme synthase [Klebsiella pneumoniae CG43].
549800731 CysG protein [Halyomorpha halys symbiont].
549729067 fused siroheme synthase 1,3-dimethyluroporphyriongen III dehydrogenase and siroheme ferrochelatase ; 
uroporphyrinogen methyltransferase [Rhizobium sp. IRBG74].
549492026 uroporphyrin-III C-methyltransferase [Plautia stali symbiont].
549480807 siroheme synthase [Salmonella enterica subsp. enterica serovar Thompson str. RM6836].
548331868 siroheme synthase [Roseburia sp. CAG:182].
546174445 Siroheme synthase [Psychrobacter aquaticus].
545463613 siroheme synthase [Pseudomonas alcaligenes].
545149390 siroheme synthase [Serratia marcescens].
544825910 sirohydrochlorin ferrochelatase [Enterobacter cloacae].
544577909 Siroheme synthase [Escherichia coli PMV-1].
537439241 siroheme synthase [Salmonella enterica subsp. enterica serovar Gallinarum/pullorum str. CDC1983-67].
529986311 cysG2 [Klebsiella pneumoniae].
529248599 siroheme synthase [Proteus mirabilis].
525766672 sirohydrochlorin ferrochelatase [Serratia liquefaciens].
523694067 siroheme synthase [Agrobacterium tumefaciens].
522832741 uroporphyrin-III C-methyltransferase [Alteromonas macleodii].
522568246 uroporphyrin-III C-methyltransferase [Alteromonas macleodii str. 'Ionian Sea U4'].
521993330 sirohydrochlorin ferrochelatase [Lamprocystis purpurea].
519079489 siroheme synthase [Escherichia coli].
519026975 sirohydrochlorin ferrochelatase [Methylotenera sp. 1P/1].
519018579 hypothetical protein [Methyloferula stellata].
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519001464 MULTISPECIES: sirohydrochlorin ferrochelatase [Methylobacter].
518810618 hypothetical protein [Pannonibacter phragmitetus].
518780989 sirohydrochlorin ferrochelatase [Bordetella sp. FB-8].
518699828 MULTISPECIES: siroheme synthase [Mesorhizobium].
518647356 siroheme synthase [Serratia plymuthica 4Rx13].
518456130 sirohydrochlorin ferrochelatase [Thioalkalivibrio sp. ALJT].
518431526 sirohydrochlorin ferrochelatase [Teredinibacter turnerae].
518409885 MULTISPECIES: sirohydrochlorin ferrochelatase [Pseudomonas].
518286979 sirohydrochlorin ferrochelatase [Acinetobacter sp. GG2].
517801990 hypothetical protein [Rudaea cellulosilytica].
517506789 sirohydrochlorin ferrochelatase [Acinetobacter tjernbergiae].
517437647 precorrin-2 dehydrogenase / uroporphyrinogen-III C-methyltransferase [Pseudomonas sp. CFII68].
517331714 sirohydrochlorin ferrochelatase [Thiobacillus thioparus].
517227940 sirohydrochlorin ferrochelatase [Teredinibacter turnerae].
517214679 sirohydrochlorin ferrochelatase [Marinobacter lipolyticus].
517136352 siroheme synthase [Rhizobium giardinii].
517085505 sirohydrochlorin ferrochelatase [Teredinibacter turnerae].
516923756 MULTISPECIES: sirohydrochlorin ferrochelatase [Thioalkalivibrio].
516510744 MULTISPECIES: sirohydrochlorin ferrochelatase [Klebsiella].
516450349 sirohydrochlorin ferrochelatase [Methylomicrobium buryatense].
516397678 siroheme synthase [Aeromonas hydrophila].
516376253 siroheme synthase [Aeromonas hydrophila].
516290563 MULTISPECIES: siroheme synthase [Enterobacter cloacae complex].
516289451 MULTISPECIES: sirohydrochlorin ferrochelatase [Enterobacter cloacae complex].
516273093 sirohydrochlorin ferrochelatase [Pseudomonas alcaliphila].
516073885 uroporphiryn-III C-methyltransferase [alpha proteobacterium L41A].
516060286 sirohydrochlorin ferrochelatase [gamma proteobacterium WG36].
516055881 uroporphyrin-III C-methyltransferase [Methylobacterium sp. MB200].
51598033 siroheme synthase [Yersinia pseudotuberculosis IP 32953].
515943616 siroheme synthase [Enterobacteriaceae bacterium LSJC7].
515914928 sirohydrochlorin ferrochelatase [Pantoea sp. A4].
515845637 siroheme synthase [Sinorhizobium meliloti].
515841097 siroheme synthase [Sinorhizobium meliloti].
515839112 siroheme synthase [Sinorhizobium meliloti].
515680255 siroheme synthase [Xanthomonas campestris].
515542471 sirohydrochlorin ferrochelatase [Pseudomonas fluorescens].
515507155 sirohydrochlorin ferrochelatase [Dickeya zeae].
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515311993 siroheme synthase [Xanthomonas axonopodis].
515151580 sirohydrochlorin ferrochelatase [Pseudomonas fragi].
514882112 sirohydrochlorin ferrochelatase [Yersinia pestis].
514843222 sirohydrochlorin ferrochelatase, partial [Yersinia pestis].
514392984 uroporphyrin-III C-methyltransferase [Rhizobium grahamii].
514076150 siroheme synthase [Klebsiella pneumoniae].
512650409 siroheme synthase [Enterobacter sp. R4-368].
510998825 siroheme synthase [Yersinia enterocolitica].
510940375 sirohydrochlorin ferrochelatase, partial [Yersinia pestis].
507072552 siroheme synthase [Acinetobacter pittii].
507072424 siroheme synthase [Acinetobacter pittii].
506486701 uroporphyrin-III C-methyltransferase [Enterobacteriaceae bacterium strain FGI 57].
506486154 uroporphyrin-III C-methyltransferase [Enterobacteriaceae bacterium strain FGI 57].
506485646 uroporphyrin-III C-methyltransferase [Serratia marcescens].
506439370 siroheme synthase [Klebsiella pneumoniae].
506409771 uroporphyrin-III C-methyltransferase [Methylobacterium nodulans].
506359870 siroheme synthase [Tolumonas auensis].
506321733 sirohydrochlorin ferrochelatase [Pectobacterium carotovorum].
506303649 uroporphyrin-III C-methyltransferase [Methylobacterium extorquens].
506222958 siroheme synthase [Cronobacter turicensis].
506211319 sirohydrochlorin ferrochelatase [Pectobacterium wasabiae].
505486327 uroporphyrin-III C-methyltransferase [Serratia marcescens].
505372291 siroheme synthase, N-terminal domain [Roseburia intestinalis].
505189581 uroporphyrin-III C-methyltransferase [Serratia marcescens].
505094390 uroporphyrin-III C-methyltransferase [Thioflavicoccus mobilis].
505072363 Siroheme synthase / Precorrin-2 oxidase / Sirohydrochlorin ferrochelatase / Uroporphyrinogen-III methyltransferase 
[Thioalkalivibrio nitratireducens].
504877216 siroheme synthase [Bordetella bronchiseptica].
504858897 sirohydrochlorin ferrochelatase [Simiduia agarivorans].
504805113 sirohydrochlorin ferrochelatase [Actinobacillus suis].
504661966 sirohydrochlorin ferrochelatase [Zymomonas mobilis].
504652264 sirohydrochlorin ferrochelatase [Klebsiella oxytoca].
504632985 sirohydrochlorin ferrochelatase [Pseudomonas stutzeri].
504519625 sirohydrochlorin ferrochelatase [Methylophaga nitratireducenticrescens].
504454047 siroheme synthase [Escherichia coli].
504409713 sirohydrochlorin ferrochelatase [Pseudomonas stutzeri].
504386914 sirohydrochlorin ferrochelatase [Neisseria meningitidis].
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504317283 siroheme synthase [Xanthomonas oryzae].
504302214 siroheme synthase [Brucella melitensis].
504099553 siroheme synthase [Rahnella aquatilis].
504057247 siroheme synthase [Oceanimonas sp. GK1].
503913998 sirohydrochlorin ferrochelatase [Methylomicrobium alcaliphilum].
503897490 siroheme synthase [Pelagibacterium halotolerans].
503837559 sirohydrochlorin ferrochelatase [Enterobacter asburiae].
503739206 MULTISPECIES: sirohydrochlorin ferrochelatase [Pseudomonas putida group].
503712723 siroheme synthase [Hyphomicrobium sp. MC1].
503527782 siroheme synthase [Agrobacterium sp. H13-3].
503506600 sirohydrochlorin ferrochelatase [Pusillimonas sp. T7-7].
503480846 sirohydrochlorin ferrochelatase [Pseudomonas mendocina].
503281833 sirohydrochlorin ferrochelatase [Candidatus Blochmannia vafer].
503269425 siroheme synthase [Rhodopseudomonas palustris].
503261378 uroporphyrin-III C-methyltransferase [Thermaerobacter marianensis].
503124211 sirohydrochlorin ferrochelatase [Pantoea vagans].
503084365 sirohydrochlorin ferrochelatase [Dickeya dadantii].
503058583 sirohydrochlorin ferrochelatase [Gallionella capsiferriformans].
503033933 uroporphiryn-III C-methyltransferase [Brevundimonas subvibrioides].
503026681 sirohydrochlorin ferrochelatase [gamma proteobacterium HdN1].
502986171 sirohydrochlorin ferrochelatase [Nitrosococcus watsonii].
502969210 siroheme synthase [Erwinia billingiae].
502864090 siroheme synthase [Enterobacter cloacae].
502672567 siroheme synthase [Citrobacter rodentium].
502557990 sirohydrochlorin ferrochelatase [Zymomonas mobilis].
501840893 siroheme synthase [Agrobacterium vitis].
501519324 uroporphyrin-III methyltransferase [Anaeromyxobacter sp. K].
501351645 uroporphyrin-III C-methyltransferase [Beijerinckia indica].
501261541 sirohydrochlorin ferrochelatase [Yersinia pseudotuberculosis].
50122465 multifunctional uroporphyrin-III C-methyltransferase/precorrin-2 oxidase/ferrochelatase [Pectobacterium atrosepticum 
SCRI1043].
501220398 sirohydrochlorin ferrochelatase [Actinobacillus pleuropneumoniae].
501176149 MULTISPECIES: siroheme synthase [Brucella].
501075538 siroheme synthase [Cronobacter sakazakii].
500922120 sirohydrochlorin ferrochelatase [Pseudomonas mendocina].
500417718 sirohydrochlorin ferrochelatase [Calyptogena okutanii thioautotrophic gill symbiont].
500026592 siroheme synthase [Aeromonas hydrophila].
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499971152 siroheme synthase [Rhizobium leguminosarum].
499948685 sirohydrochlorin ferrochelatase [Alkalilimnicola ehrlichii].
499907843 sirohydrochlorin ferrochelatase [Alcanivorax borkumensis].
499889479 siroheme synthase [Roseobacter denitrificans].
499888366 uroporphyrin-III C-methyltransferase [Roseobacter denitrificans].
499793688 siroheme synthase [Rhodopseudomonas palustris].
499774163 uroporphyrin-III C-methyltransferase [Jannaschia sp. CCS1].
499715592 sirohydrochlorin ferrochelatase [Hahella chejuensis].
499708952 uroporphyrinogen III methyltransferase [Rhodospirillum rubrum].
499666593 siroheme synthase [Xanthomonas euvesicatoria].
499601979 sirohydrochlorin ferrochelatase [Candidatus Blochmannia pennsylvanicus].
499599605 sirohydrochlorin ferrochelatase [Psychrobacter arcticus].
499578853 siroheme synthase [Xanthomonas oryzae].
499459720 siroheme synthase [Photorhabdus luminescens].
499423698 sirohydrochlorin ferrochelatase [Nitrosomonas europaea].
499314903 siroheme synthase [Brucella melitensis].
499280351 siroheme synthase [Agrobacterium fabrum].
499274240 MULTISPECIES: siroheme synthase [Agrobacterium tumefaciens complex].
499257267 sirohydrochlorin ferrochelatase [Pseudomonas putida].
498493913 siroheme synthase [Pseudomonas sp. HPB0071].
498361887 siroheme synthase [Aeromonas caviae].
498293660 sirohydrochlorin ferrochelatase [Pseudoalteromonas flavipulchra].
498240850 sirohydrochlorin ferrochelatase [Pseudoalteromonas arctica].
498214042 siroheme synthase [Thermophagus xiamenensis].
498062078 sirohydrochlorin ferrochelatase [Pseudoalteromonas piscicida].
497938954 siroheme synthase [Pantoea sp. SL1_M5].
497912580 sirohydrochlorin ferrochelatase [Pseudomonas sp. HYS].
497866727 sirohydrochlorin ferrochelatase [Glaciecola sp. HTCC2999].
497816233 sirohydrochlorin ferrochelatase [Microbulbifer agarilyticus].
497500956 uroporphyrin-III C-methyltransferase [Roseovarius nubinhibens].
497484840 siroheme synthase [Nitrobacter sp. Nb-311A].
497337391 sirohydrochlorin ferrochelatase [Klebsiella sp. OBRC7].
497308993 siroheme synthase [Pseudomonas sp. M1].
497224383 Siroheme synthase [Caenispirillum salinarum].
497196918 uroporphyrinogen-III C-methyltransferase [Acinetobacter sp. WC-323].
496464547 sirohydrochlorin ferrochelatase [Neisseria sp. oral taxon 014].
496377955 sirohydrochlorin ferrochelatase [Pantoea sp. Sc1].
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496340589 sirohydrochlorin ferrochelatase [Pseudomonas chlororaphis].
496209186 sirohydrochlorin ferrochelatase [Pantoea sp. aB].
496172441 sirohydrochlorin ferrochelatase [Rheinheimera sp. A13L].
496126415 sirohydrochlorin ferrochelatase [Gluconobacter morbifer].
495827756 siroheme synthase [Pseudovibrio sp. JE062].
495802215 siroheme synthase [Rhizobium sp. Pop5].
495778449 MULTISPECIES: siroheme synthase [Enterobacter].
495775035 sirohydrochlorin ferrochelatase [Enterobacter sp. SST3].
495566702 sirohydrochlorin ferrochelatase [Methylophaga thiooxydans].
495539183 uroporphiryn-III C-methyltransferase [Brevundimonas sp. BAL3].
495383745 sirohydrochlorin ferrochelatase [Pseudoalteromonas sp. BSi20311].
495381978 sirohydrochlorin ferrochelatase [Methylophilales bacterium HTCC2181].
495373014 sirohydrochlorin ferrochelatase [Pseudomonas sp. GM84].
495318639 sirohydrochlorin ferrochelatase [Reinekea blandensis].
495276083 sirohydrochlorin ferrochelatase [Pseudomonas sp. GM49].
495241843 sirohydrochlorin ferrochelatase [Pseudomonas sp. GM30].
495183291 MULTISPECIES: sirohydrochlorin ferrochelatase [Pseudomonas].
495052908 Siroheme synthase / Precorrin-2 oxidase / Sirohydrochlorin ferrochelatase / Uroporphyrinogen-III methyltransferase 
[Cronobacter malonaticus].
494893270 uroporphyrin-III C-methyltransferase [Glaciecola arctica].
494879356 siroheme synthase [Bradyrhizobium sp. WSM471].
494792091 siroheme synthase [Rhizobium mesoamericanum].
494774563 MULTISPECIES: sirohydrochlorin ferrochelatase [Rhodanobacter].
494612135 sirohydrochlorin ferrochelatase [Kosakonia radicincitans].
494611514 siroheme synthase [Kosakonia radicincitans].
494459538 siroheme synthase, partial [Pseudomonas syringae group genomosp. 3].
494142089 sirohydrochlorin ferrochelatase [Rhodanobacter fulvus].
494068825 siroheme synthase [Nitratireductor aquibiodomus].
493946431 sirohydrochlorin ferrochelatase [Methylobacter tundripaludum].
493871024 siroheme synthase [Yokenella regensburgei].
493865533 siroheme synthase [Enterobacter hormaechei].
493663379 siroheme synthase [Bradyrhizobium sp. ORS 285].
493362635 siroheme synthase [Serratia plymuthica].
493275974 sirohydrochlorin ferrochelatase [Photobacterium profundum].
493071415 sirohydrochlorin ferrochelatase [Pantoea stewartii].
492967383 siroheme synthase [Brucella canis].
492862474 uroporphyrin-III C-methyltransferase [Glaciecola pallidula].
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492834936 siroheme synthase [Xanthomonas vesicatoria].
492823878 uroporphyrinogen-III C-methyltransferase [Brucella ovis].
492605711 Sirohydrochlorin ferrochelatase [Aeromonas molluscorum].
492573260 Uroporphyrin-III C-methyltransferase [Aeromonas molluscorum].
492458251 siroheme synthase [Sulfitobacter sp. EE-36].
491971210 sirohydrochlorin ferrochelatase [Haemophilus parainfluenzae].
491830969 sirohydrochlorin ferrochelatase [Actinobacillus ureae].
491817968 sirohydrochlorin ferrochelatase [Actinobacillus pleuropneumoniae].
491798924 sirohydrochlorin ferrochelatase [Actinobacillus pleuropneumoniae].
491549289 MULTISPECIES: sirohydrochlorin ferrochelatase [Acinetobacter].
491487218 siroheme synthase [Aeromonas veronii].
491477961 siroheme synthase [Aeromonas veronii].
491446960 MULTISPECIES: siroheme synthase [Aeromonas].
491413912 siroheme synthase [Yersinia bercovieri].
491408077 MULTISPECIES: siroheme synthase [Acinetobacter].
491389903 siroheme synthase [Acinetobacter sp. CIP 51.11].
491385949 MULTISPECIES: sirohydrochlorin ferrochelatase [Acinetobacter].
491309295 sirohydrochlorin ferrochelatase [Yersinia enterocolitica].
491239544 siroheme synthase [Acinetobacter lwoffii].
491224745 siroheme synthase [Acinetobacter haemolyticus].
491191525 siroheme synthase [Acinetobacter calcoaceticus].
491172399 sirohydrochlorin ferrochelatase [Acinetobacter bereziniae].
491124408 siroheme synthase [Acinetobacter johnsonii].
491113804 siroheme synthase [Acinetobacter towneri].
491089690 siroheme synthase [Serratia plymuthica].
491070998 uroporphyrin-III C-methyltransferase [Serratia marcescens].
491046775 siroheme synthase [Acinetobacter junii].
491006720 MULTISPECIES: siroheme synthase [Enterobacteriaceae].
490957749 siroheme synthase [Acinetobacter guillouiae].
490923018 MULTISPECIES: siroheme synthase [Acinetobacter].
490913294 siroheme synthase [Acinetobacter sp. NIPH 758].
490856442 siroheme synthase [Yersinia ruckeri].
490833375 siroheme synthase [Acinetobacter johnsonii].
490824555 siroheme synthase [Brucella melitensis].
490819430 MULTISPECIES: sirohydrochlorin ferrochelatase [Acinetobacter].
490815785 siroheme synthase [Rhizobium etli].
490707877 Siroheme synthase, Precorrin-2 oxidase [Pantoea agglomerans].
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490596019 sirohydrochlorin ferrochelatase [Moraxella catarrhalis].
490552166 Siroheme synthase / Uroporphyrinogen-III methyltransferase [Pseudomonas syringae].
490310881 siroheme synthase [Klebsiella pneumoniae].
490258595 sirohydrochlorin ferrochelatase [Erwinia amylovora].
490206562 sirohydrochlorin ferrochelatase [Klebsiella oxytoca].
490185826 sirohydrochlorin ferrochelatase [Xylella fastidiosa].
489934630 siroheme synthase [Citrobacter freundii].
489895986 siroheme synthase [Alcaligenes faecalis].
489864118 sirohydrochlorin ferrochelatase [Neisseria sicca].
489803624 sirohydrochlorin ferrochelatase [Neisseria lactamica].
489710431 uroporphyrin-III C-methyltransferase [Methylosinus trichosporium].
489674868 siroheme synthase [Rhizobium leguminosarum].
489506770 sirohydrochlorin ferrochelatase [Pseudomonas syringae].
489312220 MULTISPECIES: sirohydrochlorin ferrochelatase [Pseudomonas].
489058591 siroheme synthase [Brucella abortus].
489056969 MULTISPECIES: siroheme synthase [Brucella].
489048658 MULTISPECIES: sirohydrochlorin ferrochelatase [Pseudoalteromonas].
488805989 uroporphyrinogen-III C-methyltransferase [Afipia felis].
488375438 siroheme synthase [Shimwellia blattae].
488354533 uroporphyrinogen-III C-methyltransferase, partial [Yersinia pestis].
488314731 siroheme synthase, partial [Yersinia pestis].
488190248 sirohydrochlorin ferrochelatase [Neisseria meningitidis].
488189777 uroporphyrinogen-III C-methyltransferase [Neisseria meningitidis].
488173830 uroporphyrinogen-III C-methyltransferase [Neisseria meningitidis].
488168577 sirohydrochlorin ferrochelatase [Neisseria meningitidis].
488159178 siroheme synthase [Yersinia pestis].
488155155 sirohydrochlorin ferrochelatase [Neisseria meningitidis].
487652802 siroheme synthase [Salmonella enterica].
487381337 siroheme synthase [Salmonella enterica].
486204824 siroheme synthase [Escherichia coli].
485844524 siroheme synthase [Escherichia coli].
485770877 siroheme synthase [Escherichia coli].
482906044 siroheme synthase [Salmonella enterica subsp. enterica serovar Typhimurium str. U288].
479149677 uroporphyrin-III C-methyltransferase [Roseburia intestinalis XB6B4].
470464274 siroheme synthase [Edwardsiella piscicida C07-087].
470156632 Siroheme synthase [Pectobacterium sp. SCC3193].
45440022 siroheme synthase [Yersinia pestis biovar Microtus str. 91001].
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446273068 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
446273065 MULTISPECIES: sirohydrochlorin ferrochelatase [Acinetobacter].
446273060 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
446273059 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
446273058 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
446273055 sirohydrochlorin ferrochelatase [Acinetobacter baumannii].
446272109 siroheme synthase [Salmonella enterica].
446272036 siroheme synthase [Salmonella enterica].
446272027 siroheme synthase [Escherichia coli].
446272018 MULTISPECIES: siroheme synthase [Escherichia].
446272010 siroheme synthase [Escherichia coli].
446272005 MULTISPECIES: siroheme synthase [Escherichia].
446271987 siroheme synthase [Escherichia coli].
444355008 Siroheme synthase, Precorrin-2 oxidase (EC 1.3.1.76), Sirohydrochlorin ferrochelatase (EC 4.99.1.4) , 
Uroporphyrinogen-III methyltransferase (EC 2.1.1.107) [Enterobacter aerogenes EA1509E].
440509743 siroheme synthase [Candidatus Blochmannia chromaiodes str. 640].
440286402 uroporphyrin-III C-methyltransferase [Enterobacteriaceae bacterium strain FGI 57].
433613241 bifunctional uroporphyrin-III C-methyltransferase [Sinorhizobium meliloti GR4].
431927167 precorrin-2 dehydrogenase [Pseudomonas stutzeri RCH2].
410474015 siroheme synthase [Bordetella parapertussis Bpp5].
408416316 siroheme synthase [Bordetella pertussis 18323].
407723181 precorrin-2 dehydrogenase [Sinorhizobium meliloti Rm41].
406595505 uroporphyrin-III C-methyltransferase [Alteromonas macleodii ATCC 27126].
397693294 Siroheme synthase [Pseudomonas putida DOT-T1E].
397689865 uroporphyrin-III C-methyltransferase [Melioribacter roseus P3M-2].
392981039 siroheme synthase [Enterobacter cloacae subsp. dissolvens SDM].
392980442 siroheme synthase [Enterobacter cloacae subsp. dissolvens SDM].
392420932 siroheme synthase [Pseudomonas stutzeri CCUG 29243].
387884526 siroheme synthase [Escherichia coli Xuzhou21].
387618661 siroheme synthase [Escherichia coli O83:H1 str. NRG 857C].
386706610 siroheme synthase [Escherichia coli P12b].
386621003 siroheme synthase [Escherichia coli NA114].
386601386 siroheme synthase [Escherichia coli IHE3034].
386066552 siroheme synthase [Pseudomonas aeruginosa NCGM2.S1].
386058427 siroheme synthase [Pseudomonas aeruginosa M18].
386036253 siroheme synthase [Klebsiella pneumoniae KCTC 2242].
386029489 multifunctional siroheme synthase CysG [Oligotropha carboxidovorans OM4].
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386016909 siroheme synthase CysG [Pantoea ananatis AJ13355].
386011406 protein CysG [Pseudomonas putida BIRD-1].
385787368 Uroporphyrin-III C-methylase, siroheme synthase [Erwinia sp. Ejp617].
385331556 siroheme synthase [Marinobacter adhaerens HP15].
385324145 siroheme synthase [includes: uroporphyrin-III C-methyltransferase (urogen III methylase; SUMT; uroporphyrinogen III 
methylase; UROM), precorrin-2 dehydrogenase and sirohydrochlorin ferrochelatase] [Neisseria meningitidis 8013].
385238737 uroporphyrinogen-III methylase [Acinetobacter baumannii TCDC-AB0715].
384536537 uroporphyrin-III C-methyltransferase [Sinorhizobium meliloti SM11].
384533030 siroheme synthase [Sinorhizobium meliloti BL225C].
384529181 uroporphyrin-III C-methyltransferase [Sinorhizobium meliloti BL225C].
384203499 siroheme synthase [Bordetella pertussis CS].
384123539 siroheme synthase [Yersinia pestis D106004].
384119979 siroheme synthase [Acetobacter pasteurianus IFO 3283-01-42C].
384063968 siroheme synthase [Acetobacter pasteurianus IFO 3283-32].
384060676 siroheme synthase [Acetobacter pasteurianus IFO 3283-26].
384058035 siroheme synthase [Acetobacter pasteurianus IFO 3283-22].
383757726 siroheme synthase CysG [Rubrivivax gelatinosus IL144].
383498120 siroheme synthase [Salmonella enterica subsp. enterica serovar Typhimurium str. 798].
383318095 uroporphyrin-III C-methyltransferase [Frateuria aurantia DSM 6220].
383188629 uroporphyrin-III C-methyltransferase [Rahnella aquatilis CIP 78.65 = ATCC 33071].
383188252 uroporphyrin-III C-methyltransferase [Rahnella aquatilis CIP 78.65 = ATCC 33071].
378986072 siroheme synthase [Salmonella enterica subsp. enterica serovar Typhimurium str. T000240].
376271908 uroporphyrin-III C-methyltransferase [Brucella abortus A13334].
37526855 hypothetical protein plu2965 [Photorhabdus luminescens subsp. laumondii TTO1].
375257721 siroheme synthase [Klebsiella oxytoca KCTC 1686].
357385361 siroheme synthase / precorrin-2 oxidase / sirohydrochlorin ferrochelatase / uroporphyrinogen-III methyltransferase 
[Pelagibacterium halotolerans B2].
348030293 uroporphyrin-III C-methyltransferase [Glaciecola nitratireducens FR1064].
34496268 uroporphyrin-III C-methyltransferase [Chromobacterium violaceum ATCC 12472].
339494249 Siroheme synthase [Pseudomonas stutzeri ATCC 17588 = LMG 11199].
339488308 uroporphyrin-III C-methyltransferase [Pseudomonas putida S16].
336246885 siroheme synthase [Enterobacter aerogenes KCTC 2190].
33519635 siroheme synthase [Candidatus Blochmannia floridanus].
334143880 uroporphyrin-III C-methyltransferase [Thioalkalimicrobium cyclicum ALM1].
333900526 Siroheme synthase [Pseudomonas fulva 12-X].
333894504 uroporphyrin-III C-methyltransferase [Alteromonas sp. SN2].
319788533 siroheme synthase [Pseudoxanthomonas suwonensis 11-1].
317122462 uroporphyrin-III C-methyltransferase [Thermaerobacter marianensis DSM 12885].
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317049290 uroporphyrin-III C-methyltransferase [Pantoea sp. At-9b].
312113385 uroporphyrin-III C-methyltransferase [Rhodomicrobium vannielii ATCC 17100].
311277690 uroporphyrin-III C-methyltransferase [Enterobacter lignolyticus SCF1].
302878820 uroporphyrin-III C-methyltransferase [Gallionella capsiferriformans ES-2].
30065346 siroheme synthase [Shigella flexneri 2a str. 2457T].
294505075 siroheme synthase [Yersinia pestis Z176003].
294011572 uroporphyrin-III C-methyltransferase [Sphingobium japonicum UT26S].
292900389 siroheme synthase [Erwinia amylovora ATCC 49946].
29144295 siroheme synthase [Salmonella enterica subsp. enterica serovar Typhi str. Ty2].
291284714 siroheme synthase [Escherichia coli O55:H7 str. CB9615].
28870508 siroheme synthase [Pseudomonas syringae pv. tomato str. DC3000].
271501826 uroporphyrin-III C-methyltransferase [Dickeya dadantii Ech586].
261823278 siroheme synthase [Pectobacterium wasabiae WPP163].
260857476 siroheme synthase [Escherichia coli O26:H11 str. 11368].
253989114 siroheme synthase [Photorhabdus asymbiotica].
251786621 uroporphyrin III C-methyltransferase [Escherichia coli BL21(DE3)].
242238312 uroporphyrin-III C-methyltransferase [Dickeya dadantii Ech703].
240139971 siroheme synthase [Methylobacterium extorquens AM1].
238896851 siroheme synthase [Klebsiella pneumoniae subsp. pneumoniae NTUH-K2044].
229591231 siroheme synthase [Pseudomonas fluorescens SBW25].
222158071 Siroheme synthase [Escherichia coli LF82].
222148581 siroheme synthase [Agrobacterium vitis S4].
218930385 siroheme synthase [Yersinia pestis CO92].
218927369 siroheme synthase [Yersinia pestis CO92].
209544376 uroporphyrin-III C-methyltransferase [Gluconacetobacter diazotrophicus PA1 5].
207858718 siroheme synthase [Salmonella enterica subsp. enterica serovar Enteritidis str. P125109].
197286093 bifunctional uroporphyrin-III C-methyltransferase/sirohydrochlorin ferrochelatase [Proteus mirabilis HI4320].
190151203 uroporphyrin-III C-methyltransferase / precorrin- 2 oxidase / ferrochelatase [Actinobacillus pleuropneumoniae serovar 
7 str. AP76].
189023430 siroheme synthase CysG [Brucella abortus S19].
188582659 uroporphyrin-III C-methyltransferase [Methylobacterium populi BJ001].
188534827 uroporphyrin-III C-methylase, siroheme synthase [Erwinia tasmaniensis Et1/99].
187477353 siroheme synthase includes uroporphyrin-iii c-methyltransferase/precorrin-2 dehydrogenase/sirohydrochlorin 
ferrochelatase [Bordetella avium 197N].
17988051 uroporphyrin-III C-methyltransferase [Brucella melitensis bv. 1 str. 16M].
170025652 uroporphyrin-III C-methyltransferase [Yersinia pseudotuberculosis YPIII].
16766765 siroheme synthase [Salmonella enterica subsp. enterica serovar Typhimurium str. LT2].
167034600 uroporphyrin-III C-methyltransferase [Pseudomonas putida GB-1].
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162419435 siroheme synthase [Yersinia pestis Angola].
162418843 siroheme synthase [Yersinia pestis Angola].
161505954 siroheme synthase [Salmonella enterica subsp. arizonae serovar 62:z4,z23:- str. RSK2980].
161484726 siroheme synthase [Yersinia pestis KIM10+].
15803881 siroheme synthase [Escherichia coli O157:H7 str. EDL933].
157162844 siroheme synthase [Escherichia coli HS].
157148954 siroheme synthase [Citrobacter koseri ATCC BAA-895].
156936465 siroheme synthase [Cronobacter sakazakii ATCC BAA-894].
15677032 siroheme synthase [Neisseria meningitidis MC58].
154245026 uroporphyrin-III C-methyltransferase [Xanthobacter autotrophicus Py2].
152986335 siroheme synthase [Pseudomonas aeruginosa PA7].
152972262 siroheme synthase [Klebsiella pneumoniae subsp. pneumoniae MGH 78578].
150396318 uroporphyrin-III C-methyltransferase [Sinorhizobium medicae WSM419].
146307406 uroporphyrinogen-III C-methyltransferase / precorrin-2 dehydrogenase [Pseudomonas mendocina ymp].
145597408 siroheme synthase [Yersinia pestis Pestoides F].
145300399 siroheme synthase [Aeromonas salmonicida subsp. salmonicida A449].
123441116 siroheme synthase [Yersinia enterocolitica subsp. enterocolitica 8081].
115523780 uroporphyrin-III C-methyltransferase [Rhodopseudomonas palustris BisA53].
114568898 uroporphyrin-III C-methyltransferase [Maricaulis maris MCS10].
114331004 uroporphyrin-III C-methyltransferase [Nitrosomonas eutropha C91].
110681282 siroheme synthase [Roseobacter denitrificans OCh 114].
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694139980 ferrochelatase [Vibrio cholerae].
694130495 ferrochelatase [Vibrio cholerae].
658953591 ferrochelatase [Vibrio parahaemolyticus].
647337847 ferrochelatase [Vibrio parahaemolyticus].
646747886 ferrochelatase [Vibrio parahaemolyticus].
646361735 ferrochelatase [Vibrio parahaemolyticus].
646357879 ferrochelatase [Vibrio parahaemolyticus].
646357545 ferrochelatase [Vibrio parahaemolyticus].
645070812 ferrochelatase [Vibrio parahaemolyticus].
560191608 ferrochelatase [Aliivibrio logei].
545125227 siroheme synthase, N-terminal domain protein [Vibrio parahaemolyticus].
515790166 hypothetical protein [Moritella dasanensis].
515644601 ferrochelatase [Vibrio splendidus].
515624611 ferrochelatase [Vibrio kanaloae].
515606018 hypothetical protein [Vibrio genomosp. F10].
515601633 hypothetical protein [Vibrio genomosp. F10].
515596390 hypothetical protein [Vibrio breoganii].
501546031 ferrochelatase [Aliivibrio salmonicida].
501526835 ferrochelatase [Aliivibrio fischeri].
501077243 ferrochelatase [Vibrio campbellii].
499581324 ferrochelatase [Aliivibrio fischeri].
499463034 ferrochelatase [Vibrio vulnificus].
498333755 ferrochelatase [Vibrio campbellii].
498126577 ferrochelatase [Vibrio cyclitrophicus].
497532444 MULTISPECIES: ferrochelatase [Vibrio].
493934452 ferrochelatase [Vibrio brasiliensis].
492973968 ferrochelatase [Vibrio shilonii].
492899660 hypothetical siroheme synthase component enzyme [Moritella sp. PE36].
491599556 ferrochelatase [Vibrio parahaemolyticus].
491507442 ferrochelatase [Photobacterium angustum].
490882072 ferrochelatase [Vibrio tubiashii].
490864041 ferrochelatase [Vibrio furnissii].
490534530 ferrochelatase [Vibrio nigripulchritudo].
487813795 ferrochelatase [Vibrio cholerae].
447191436 ferrochelatase [Vibrio cholerae].
447191429 ferrochelatase [Vibrio cholerae].
447191425 ferrochelatase [Vibrio cholerae].
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447191421 ferrochelatase [Vibrio cholerae].
447191417 MULTISPECIES: ferrochelatase [Vibrio].
447191412 ferrochelatase [Vibrio cholerae].
379741164 siroheme synthase [Vibrio cholerae IEC224].
375265561 uroporphyrin-III C-methyltransferase [Vibrio sp. EJY3].
360035259 siroheme synthase/precorrin-2 oxidase/sirohydrochlorin ferrochelatase [Vibrio cholerae O1 str. 2010EL-1786].
336124277 Sirohydrochlorin ferrochelatase [Vibrio anguillarum 775].
326424058 siroheme synthase / precorrin-2 oxidase [Vibrio vulnificus CMCP6].
262394190 siroheme synthase/precorrin-2 oxidase/sirohydrochlorin ferrochelatase [Vibrio sp. Ex25].
15641375 siroheme synthase component enzyme [Vibrio cholerae O1 biovar El Tor str. N16961].
147673528 siroheme synthase [Vibrio cholerae O395].
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91792765 siroheme synthase [Shewanella denitrificans OS217].
85858415 precorrin-2 dehydrogenase [Syntrophus aciditrophicus SB].
83590099 precorrin-2 dehydrogenase [Moorella thermoacetica ATCC 39073].
702579078 siroheme synthase [Patulibacter americanus].
697064002 hypothetical protein [Pseudobutyrivibrio ruminis].
696485690 siroheme synthase [Geobacillus sp. CAMR5420].
696295833 precorrin-2 dehydrogenase [Bacillus sp. UNC69MF].
692182420 CYSG [Morganella morganii].
671616427 hypothetical protein [Selenomonas bovis].
663820440 siroheme synthase [Sphingobium sp. DC-2].
657682670 siroheme synthase [Deinococcus marmoris].
657623942 siroheme synthase [Bilophila wadsworthia].
655827884 siroheme synthase [Sulfurihydrogenibium subterraneum].
655434012 siroheme synthase [Propionimicrobium lymphophilum].
655355796 siroheme synthase [Shewanella colwelliana].
655282972 hypothetical protein [Pseudomonas mosselii].
655091339 hypothetical protein [Paenibacillus sp. J14].
654588804 siroheme synthase [Sphingobium sp. YL23].
653566691 cobalamin biosynthesis protein [Propionibacterium thoenii].
653120242 hypothetical protein [Desulfovermiculus halophilus].
653114608 hypothetical protein [Desulfotomaculum alcoholivorax].
653111381 siroheme synthase [Desulfovibrio acrylicus].
652933032 hypothetical protein [Desulfovibrio cuneatus].
652498509 siroheme synthase [[Clostridium] aerotolerans].
652487566 siroheme synthase [Clostridium akagii].
652364047 hypothetical protein [Selenomonas ruminantium].
652129206 siroheme synthase [Flavobacterium soli].
648268570 hypothetical protein [Microbacterium barkeri].
647532397 hypothetical protein [Shewanella marina].
643385214 hypothetical protein [Hippea sp. KM1].
639732102 hypothetical protein [Clostridiales bacterium VE202-09].
636819115 siroheme synthase [[Clostridium] methoxybenzovorans].
636807374 hypothetical protein [Desulfotignum balticum].
568332707 hypothetical protein [Rhodococcus pyridinivorans].
565857059 cobalt ABC transporter, ATPase subunit [Porphyromonas cansulci].
557393718 hypothetical protein [uncultured Desulfofustis sp. PB-SRB1].
551596162 Siroheme synthase [Desulfovibrio hydrothermalis].
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550988594 siroheme synthase [Laceyella sacchari].
550931947 siroheme synthase [Sandarakinorhabdus limnophila].
550655504 siroheme synthase [Chitinivibrio alkaliphilus].
550155345 siroheme synthase [Brevibacillus laterosporus].
549782139 precorrin-2 dehydrogenase / sirohydrochlorin ferrochelatase [Bacillus amyloliquefaciens].
548306168 siroheme synthase [Megasphaera elsdenii CAG:570].
548189467 precorrin-4 C11-methyltransferase [Ruminococcus sp. CAG:330].
547450514 siroheme synthase domain-containing protein [Fusobacterium sp. CAG:649].
547298268 siroheme synthase/uroporphyrinogen-III C-methyltransferase [Clostridium hathewayi CAG:224].
547294356 siroheme synthase [Dialister invisus CAG:218].
545024942 siroheme synthase, N-terminal domain protein [Peptoclostridium difficile].
544988248 siroheme synthase, N-terminal domain protein [Peptoclostridium difficile].
544817654 hypothetical protein [Novosphingobium lindaniclasticum].
544807590 siroheme synthase [Sphingobium lactosutens].
523698596 precorrin-6x reductase [[Clostridium] papyrosolvens].
522819013 hypothetical protein [Sorangium cellulosum].
521460408 hypothetical protein SCE1572_02950 [Sorangium cellulosum So0157-2].
52143919 precorrin-2 dehydrogenase [Bacillus cereus E33L].
518717515 hypothetical protein [Succinispira mobilis].
518088154 precorrin-2 dehydrogenase [Bacillus subtilis].
517882872 hypothetical protein [Sphingobium xenophagum].
517829496 hypothetical protein [Megamonas rupellensis].
517715220 hypothetical protein [Paenibacillus massiliensis].
517272991 hypothetical protein [Thermus oshimai].
516840293 hypothetical protein [Desulfovibrio oxyclinae].
516754229 hypothetical protein [Desulfurispora thermophila].
516693759 hypothetical protein [Nitrospina sp. AB-629-B18].
516576031 hypothetical protein [Nitrospina sp. SCGC AAA288-L16].
516500450 hypothetical protein [Candidatus Caldatribacteirum californiense].
516066698 siroheme synthase [Flavobacterium sp. WG21].
515832146 hypothetical protein [Lactobacillus rossiae].
512725567 siroheme synthase, N-terminal domain [Chthonomonas calidirosea].
512509205 MULTISPECIES: siroheme synthase domain-containing protein [Coprococcus].
507075987 precorrin-6x reductase [Butyricicoccus pullicaecorum].
506232122 siroheme synthase [Desulfohalobium retbaense].
505336378 siroheme synthase, N-terminal domain [Ruminococcus bromii].
505255965 putative precorrin-2 dehydrogenase [Ilumatobacter coccineus].
Table A3.4. – Unclustered Sequences: Protein GI numbers and descriptions of unclustered 
proteins in (Figure 6.1).
Protein GI Protein Description
 261
505226904 Siroheme synthase [Desulfovibrio piezophilus].
505150053 Siroheme synthase [Desulfovibrio hydrothermalis].
505139821 siroheme synthase, N-terminal domain protein [Halobacteroides halobius].
504863519 siroheme synthase CysG [Thermacetogenium phaeum].
504824274 cobalamin biosynthesis protein [Propionibacterium acnes].
504476821 precorrin-2 dehydrogenase [Bacillus sp. JS].
504249395 putative precorrin-2 dehydrogenase [Phycisphaera mikurensis].
504020985 siroheme synthase [[Clostridium] clariflavum].
503949796 precorrin-2 oxidase [Desulfosporosinus orientis].
503686059 siroheme synthase [Paenibacillus mucilaginosus].
503597797 siroheme synthase [Novosphingobium sp. PP1Y].
503434472 siroheme synthase domain-containing protein [Aerococcus urinae].
503406374 siroheme synthase [Acidiphilium multivorum].
503331880 siroheme synthase [Isosphaera pallida].
503252834 siroheme synthase [Bacillus cellulosilyticus].
503211391 siroheme synthase [Paludibacter propionicigenes].
503144445 siroheme synthase [Eubacterium limosum].
503140840 siroheme synthase [Stigmatella aurantiaca].
503022185 siroheme synthase [Desulfarculus baarsii].
502778162 uroporphyrin-III C-methyltransferase [Meiothermus ruber].
502774532 siroheme synthase [Denitrovibrio acetiphilus].
502702026 siroheme synthase [Conexibacter woesei].
502638046 siroheme synthase [Thermobaculum terrenum].
502628065 siroheme synthase [Veillonella parvula].
502250419 uroporphyrin-III methyltransferase [Eubacterium rectale].
501645418 siroheme synthase [Desulfovibrio vulgaris].
501541630 siroheme synthase [Thermodesulfovibrio yellowstonii].
501492869 porphyrin biosynthesis protein [Chlorobaculum parvum].
501434136 siroheme synthase [Sulfurihydrogenibium sp. YO3AOP1].
501281374 siroheme synthase [Shewanella woodyi].
501259425 siroheme synthase [Candidatus Desulforudis audaxviator].
501003924 siroheme synthase [Thermosipho melanesiensis].
500719548 siroheme synthase [Sulfurovum sp. NBC37-1].
500112863 MULTISPECIES: siroheme synthase [Shewanella].
500084287 siroheme synthase [Shewanella amazonensis].
500002095 siroheme synthase [Candidatus Solibacter usitatus].
499941437 siroheme synthase [Shewanella sp. MR-4].
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499850514 siroheme synthase [Deinococcus geothermalis].
499815117 siroheme synthase [Shewanella denitrificans].
499662950 siroheme synthase [Carboxydothermus hydrogenoformans].
499325970 ferrochelatase [Fusobacterium nucleatum].
499246353 siroheme synthase [Geobacter sulfurreducens].
498486878 Precorrin-2 dehydrogenase [Bacillus atrophaeus].
498013746 precorrin-2 dehydrogenase [Bacillus vallismortis].
497924606 siroheme synthase [Citromicrobium bathyomarinum].
497919176 siroheme synthase [Clostridium arbusti].
497347461 siroheme synthase [Veillonella sp. ACP1].
497344201 siroheme synthase [Selenomonas sp. FOBRC9].
497274818 siroheme synthase [Clostridium sp. HGF2].
497231996 MULTISPECIES: hypothetical protein [Cyanothece].
497129445 siroheme synthase CysG [Mobilicoccus pelagius].
496595430 hypothetical protein [Anaerostipes sp. 3_2_56FAA].
496473944 siroheme synthase [Desulfovibrio sp. FW1012B].
496401087 siroheme synthase [Desulfovibrio sp. U5L].
496294792 ferrochelatase [Fusobacterium nucleatum].
496266310 siroheme synthase [Erysipelotrichaceae bacterium 5_2_54FAA].
496134434 siroheme synthase [Dialister succinatiphilus].
496001357 siroheme synthase [Clostridiales bacterium 1_7_47FAA].
495965347 siroheme synthase [Eubacterium sp. 3_1_31].
495495976 hypothetical protein [Rheinheimera nanhaiensis].
494923413 siroheme synthase [Shewanella sp. HN-41].
494868474 MULTISPECIES: glutamyl-tRNA reductase [Lachnoanaerobaculum].
49477228 precorrin-2 dehydrogenase [Bacillus thuringiensis serovar konkukian str. 97-27].
494500523 siroheme synthase [Thermosinus carboxydivorans].
493929587 hypothetical protein [Anaerotruncus colihominis].
493740263 siroheme synthase [Selenomonas flueggei].
493601467 MULTISPECIES: hypothetical protein [Rhodococcus].
493492497 siroheme synthase [Alicyclobacillus hesperidum].
493484206 siroheme synthase [[Clostridium] hiranonis].
493405498 uroporphyrinogen-III C-methyltransferase [Slackia exigua].
493326568 siroheme synthase [Prevotella bryantii].
493206548 siroheme synthase, partial [Selenomonas sputigena].
492909401 siroheme synthase [Paenibacillus curdlanolyticus].
491522753 siroheme synthase [Veillonella atypica].
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490958377 siroheme synthase domain protein [Peptoniphilus indolicus].
490834700 siroheme synthase [Veillonella parvula].
490755789 precorrin-2 dehydrogenase [Caulobacter vibrioides].
490754689 precorrin-6x reductase [[Clostridium] papyrosolvens].
490739927 siroheme synthase, N-terminal domain [[Eubacterium] cellulosolvens].
489854436 multifunctional enzyme siroheme synthase CysG [Listeria grayi].
489541122 siroheme synthase [Clostridium pasteurianum].
489433304 siroheme synthase [Brevibacillus laterosporus].
489331374 precorrin-2 dehydrogenase [Bacillus subtilis].
488627591 siroheme synthase [[Clostridium] bolteae].
488502696 cobalamin biosynthesis protein [Propionibacterium acnes].
488475087 MULTISPECIES: cobalamin biosynthesis protein [Propionibacterium].
488473753 cobalamin biosynthesis protein [Propionibacterium acnes].
482882403 siroheme synthase [Meiothermus ruber DSM 1279].
480329901 sirohydrochlorin cobaltochelatase [Propionibacterium avidum 44067].
479141929 siroheme synthase, N-terminal domain [Eubacterium rectale DSM 17629].
455738172 Siroheme synthase [Morganella morganii subsp. morganii KT].
430750760 siroheme synthase [Thermobacillus composti KWC4].
430741229 siroheme synthase [Singulisphaera acidiphila DSM 18658].
429505114 precorrin-2 dehydrogenase, sirohydrochlorin [Bacillus amyloliquefaciens subsp. plantarum AS43.3].
410865466 Sirohydrochlorin cobaltochelatase [Propionibacterium acidipropionici ATCC 4875].
409913723 precorrin-2 dehydrogenase and sirohydrochlorin ferrochelatase [Geobacter sulfurreducens KN400].
392425244 precorrin-2 dehydrogenase [Desulfosporosinus acidiphilus SJ4].
392410931 precorrin-2 dehydrogenase [Desulfomonile tiedjei DSM 6799].
387502789 cobalamin synthesis protein, fusion CysG+CbiX [Propionibacterium acnes 6609].
386758286 Precorrin-2 dehydrogenase [Bacillus sp. JS].
386341741 siroheme synthase [Shewanella baltica OS117].
386324035 siroheme synthase [Shewanella baltica BA175].
385800422 siroheme synthase [Halanaerobium praevalens DSM 2228].
384430861 siroheme synthase [Thermus thermophilus SG0.5JP17-16].
379012835 hypothetical protein Awo_c30300 [Acetobacterium woodii DSM 1030].
376295264 siroheme synthase [Desulfovibrio desulfuricans ND132].
375150166 siroheme synthase [Niastella koreensis GR20-10].
374296126 siroheme synthase [[Clostridium] clariflavum DSM 19732].
350265876 precorrin-2 dehydrogenase [Bacillus subtilis subsp. spizizenii TU-B-10].
347526572 siroheme synthase [Sphingobium sp. SYK-6].
339442568 siroheme synthase [Clostridium sp. SY8519].
Table A3.4. – Unclustered Sequences: Protein GI numbers and descriptions of unclustered 
proteins in (Figure 6.1).
Protein GI Protein Description
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338203247 siroheme synthase domain-containing protein [Lactobacillus reuteri SD2112].
337750699 siroheme synthase [Paenibacillus mucilaginosus KNP414].
333978960 siroheme synthase [Desulfotomaculum kuznetsovii DSM 6115].
332981816 siroheme synthase [Mahella australiensis 50-1 BON].
322421447 siroheme synthase [Geobacter sp. M18].
317051857 siroheme synthase [Desulfurispirillum indicum S5].
307720747 precorrin-2 dehydrogenase [Sulfurimonas autotrophica DSM 16294].
302391330 siroheme synthase [Acetohalobium arabaticum DSM 5501].
297625979 CysG/CbiX [Propionibacterium freudenreichii subsp. shermanii CIRM-BIA1].
295687502 siroheme synthase [Caulobacter segnis ATCC 21756].
294085459 uroporphyrin-III C-methyltransferase [Candidatus Puniceispirillum marinum IMCC1322].
288818262 siroheme synthase [Hydrogenobacter thermophilus TK-6].
284047686 siroheme synthase [Acidaminococcus fermentans DSM 20731].
258405586 siroheme synthase [Desulfohalobium retbaense DSM 5692].
257791818 siroheme synthase [Eggerthella lenta DSM 2243].
239906281 bifunctional precorrin-2 oxidase/chelatase family protein [Desulfovibrio magneticus RS-1].
238923291 uroporphyrin-III C-methyltransferase [Eubacterium rectale ATCC 33656].
222095161 precorrin-2 dehydrogenase [Bacillus cereus Q1].
217972753 siroheme synthase [Shewanella baltica OS223].
212634520 Siroheme synthase, N-terminal component, putative [Shewanella piezotolerans WP3].
197116803 bifunctional precorrin-2 dehydrogenase/sirohydrochlorin ferrochelatase [Geobacter bemidjiensis Bem].
169831508 siroheme synthase [Candidatus Desulforudis audaxviator MP104C].
167623491 siroheme synthase [Shewanella halifaxensis HAW-EB4].
153001317 siroheme synthase [Shewanella baltica OS185].
150020605 siroheme synthase [Thermosipho melanesiensis BI429].
147677305 siroheme synthase [Pelotomaculum thermopropionicum SI].
120598347 siroheme synthase [Shewanella sp. W3-18-1].
Table A3.4. – Unclustered Sequences: Protein GI numbers and descriptions of unclustered 
proteins in (Figure 6.1).
Protein GI Protein Description
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